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Abstract
The energy and momentum injected into the ISM from stars has a drastic e↵ect on
the star formation history of a galaxy. This is called feedback. It is responsible for
the inefficient collapse of the ISM into stars. The “Survey of Water and Ammonia in
Nearby Galaxies” (SWAN) is a survey of molecular line tracers in four nearby galaxies. By using molecular tracers of feedback, we provide insights into the star forming
ecosystem of the galaxies NGC 253, IC 342, NGC 6946, and NGC 2146. These galaxies were chosen to span an order of magnitude in star formation rate and a variety
of galaxy ecosystems. We have selected the metastable NH3 lines as a temperature
tracer of the dense molecular ISM, the 22 GHz H2 O (616
of star formation, and the 36 GHz CH3 OH (4

14

523 ) maser as an indicator

303 ) maser which was previously

unexplored in the extragalactic context. Observations of these galaxies with the Very
Large Array (VLA) provides access to 0.1 to 100 pc scales where we can observe how
feedback a↵ects the ISM. We uncover evidence for a uniform two-temperature component distribution of the molecular gas across the central kiloparsec of NGC 253 and
IC 342. The temperature distribution does not correlate with any observed feedback

v

e↵ects suggesting that no single e↵ect (supernovae, stellar winds, PDRs, or shocks)
dominates. We identify several new water masers associated with star formation
across all four galaxies. We also show that extragalactic 36 GHz CH3 OH masers are
10’s of times more luminous as their Milky Way counterparts, and they are likely
related to large scale weak shocks in the dense molecular ISM. The luminosity of
both the H2 O and CH3 OH masers appears to correlate with the local star formation rate. In NGC 253 specifically, we test models of galactic outflows driven by a
nuclear starburst with sub-arcsecond observations of NH3 (3,3) masers, H2 O masers
and CH3 OH masers. From locations and kinematics of the H2 O masers, we uncover
evidence for star forming material entrained in the outflow of the galaxy, and provide
the first sub-kpc evidence for the receding side of the outflow.
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Chapter 1
Introduction

1.1

Overview

It is clear that accurate, physically motivated prescriptions of the underlying connection between the interstellar medium (ISM) and star formation are critical to
understanding galaxy evolution. How molecular clouds are formed, how they turn
molecular gas into stars, and what the impact of mechanical and radiative feedback
processes is, are the main sources of uncertainty limiting future progress (e.g., Kau↵mann et al., 1999). This dissertation will focus on observational e↵ects of mechanical
and radiative feedback. Feedback is energy and momentum injected in to the ISM
by stars. Supernovae, stellar winds, photoionization, and shock heating are a few
examples by which energy is fed back into the ISM (e.g., Hopkins et al. (2012)).
Models of galaxy evolution without feedback drastically over-predict star formation
rates and efficiencies. Therefore feedback is necessary to impede star formation, otherwise a galaxy reaches its peak star formation rate in less than a dynamical time
and quickly converts its baryons to stars shortly after (e.g., Kau↵mann et al., 1999,
Krumholz et al., 2011, Hopkins et al., 2011).
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Observations play a critical role in uncovering the e↵ects of feedback. The Kau↵mann et al. (1999) N-body models admittedly use simple descriptions of feedback
adapted from semi analytical models. One-dimensional simulations by Murray et
al. (2010) suggest that di↵erent mechanisms dominate at di↵erent times during the
lifetime of star-forming Giant Molecular Clouds (GMCs). Momentum introduced
by protostellar jets dominates the early life of a GMC and radiation pressure and
gas pressure dominate after a few Myr. Simulations by Hopkins et al. (2012) and
Hopkins et al. (2014) show that these di↵erent feedback e↵ects compound in a nonlinear way and that no single feedback process dominates the star-forming ISM. The
environment in which star forming material exists may play a critical role in its
properties (i.e. gas temperatures, densities, and pressures). By observing the state
of the star-forming ISM, we can provide measurements against which models can be
tested.

The issue is best studied in nearby galaxies. These galaxies o↵er access to diagnostically important atomic and molecular species on scales relevant to stellar
feedback processes (ten to a few hundred parsecs) that are readily observed by radio
interferometers in the nearby universe. There are many studies that look at di↵erent
aspects of feedback. For example, in NGC 253 Strickland et al. (2002) and Westmoquette et al. (2011) discuss the X-ray and ionized gas properties of a starburst driven
outflow, respectively. Studies of NH3 , such as those by Ott et al. (2005), Lebrón et
al. (2011) and Mangum et al. (2013), reveal heating and cooling of the molecular
ISM. In addition, other molecular tracers reveal shocks, Photon Dominated Regions
(PDRs), and masses, lengths and time scales associated with star formation. (e.g.
Meier et al., 2015, Leroy et al., 2015). We aim to reveal feedback e↵ects over a range
of star forming galaxies using three molecular tracers; H2 O, NH3 , and CH3 OH, as
part of a survey named SWAN: Survey of Water and Ammonia in Nearby galaxies.

2
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1.2

The Survey of Water and Ammonia in Nearby
galaxies (SWAN)

The “Survey of Water and Ammonia in Nearby galaxies” (SWAN) is a survey using
molecular line tracers at centimeter wavelengths, designed to reveal the physical
conditions in star forming gas. The sample consists of four star forming galaxies:
NGC 253, IC 342, NGC 6946, and NGC 2146, and was chosen to span a range
of galaxy types from Milky Way-like to starbursts and an order of magnitude of
star formation rates from ⇠ 1 M yr

1

to ⇠ 10 M yr 1 . Their adopted physical

properties are shown in Table 1.1.
The centerpiece of the survey is NGC 253. It is the prototypical example for
all nuclear starbursts and it has been studied at many wavelengths: X-ray (e.g.
Strickland et al., 2002), optical (e.g. Westmoquette et al., 2011), infrared (e.g. Dale
et al., 2009), millimeter (e.g. Bolatto et al., 2013 and Meier et al., 2015), and
radio (e.g. Ulvestad & Antonucci, 1997). NGC 253 has a total star formation rate
(SFR) of ⇠5.9 M yr

1

(McCormick et al., 2013). The starburst is driving a massive

molecular outflow that is thought to be starving current star formation (Bolatto et
al., 2013). The outflow is also seen in X-rays (Strickland et al., 2002) and H↵ (Watson
et al., 1996). Sakamoto et al. (2006) found evidence for two expanding molecular
superbubbles within the central kpc with kinetic energies of order ⇠ 1046 J. Ott et al.
(2005) and Bolatto et al. (2013) found several smaller molecular superbubbles in the
same region. Bolatto et al. (2013) suggest that superbubbles and supernovae from
the starburst drive the wind, whereas Westmoquette et al. (2011) favor a cosmic ray
driven wind on the larger scales with a small contribution from the starburst in the
center, with the molecular gas in the center responsible for collimating the outflow.
The other galaxies span a range of star forming environments from Milky Waylike to peculiar starburst. The spiral galaxy IC 342 is Milky Way-like and has a
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Table 1.1. Adopted Galaxy Properties

Distance

SFRb

(Mpc)

(M yr

IC 342

3.28a

2.8

16

35d

NGC 253

3.50c

4.2

17

235e

NGC 6946

5.89a

3.2

29

50f

NGC 2146

15.2b

20

74

850g

Galaxy

1)

Linear Scale

Vsys

(pc/ 00 )

( km s

1)

Note. — (a) Karachentsev et al. (2013), (b) SFR is calculated
from the infrared luminosity from Gao & Solomon (2004) where
ṀSF R (M /yr) ⇡ 2 ⇥ 10

10 (L

IR /L

) e.g. Kennicutt (1998),

(c) Radburn-Smith et al. (2011), (d) Meier & Turner (2001),(e)
Whiting (1999), (f) Schinnerer et al. (2006), (g) Greve et al.
(2006)

relatively modest global star formation rate of 2.8 M yr
has a molecular mass of ⇠ 4 ⇥ 107 M

1

, and the central kpc

and consists of two molecular spiral arms

that terminate in a central molecular ring (e.g., Downes et al., 1992, Turner et al.,
1992, and Meier & Turner, 2005). NGC 6946 is a nearby spiral galaxy with a star
formation rate of 3.2 M yr 1 , a nucleated starburst that is being fed by inflows
along a molecular bar, and a molecular mass of ⇠ 3.1 ⇥ 108 M within the central
kpc (Schinnerer et al., 2006). Lastly NGC 2146 is a nearby peculiar galaxy with a
starburst and a star formation rate of 20 M yr 1 . It is peculiarly warped with no
obvious companion, and has a large reservoir of molecular gas (⇠ 4.1 ⇥ 109 M ) and
a molecular outflow (Tsai et al., 2009).
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1.3

Physics of Molecular Tracers

We exist in the era of wide-band cm, mm, and sub-mm astronomy. At these wavelengths we are able to observe weak but diagnostically important molecular tracers
(e.g., Martı́n 2011, Martı́n et al., 2015, Meier et al., 2015). We have selected the
molecules NH3 , H2 O (masers), and CH3 OH (masers) as tracers of the star forming
environment. These molecules are useful as a temperature probe, a star formation
indicator, and a possible new shock tracer, respectively.

1.3.1

Ammonia

Interstellar ammonia was first detected by Cheung et al. (1968). It was the first
polyatomic molecule detected in the ISM. The molecule is a symmetric top and
has a tetrahedral structure. The inversion properties, ortho- and para- species, and
metastable states make NH3 particularly useful in an astronomical context.
We will start with the excitation of the NH3 molecule. We show the energy
level diagram for levels below 1000 K in Figure 1.1. Ho & Townes (1983) present an
excellent description of the NH3 molecule. The rotational states are described by
quantum numbers J and K. J is the total angular momentum, and K is the projected
angular momentum about the molecular symmetry axis. Transitions between K
states are forbidden due to the dipole moment existing only along the molecular axis.
This means that an excited molecule does not readily change K states. Changes
in J with constant K are sometimes referred to as K ladders. States where J>K
are referred to as non-metastable. Non-metastable states have lifetimes of 10-100 s,
meaning that they are rarely seen in an astronomical context where T is too low and
collisional excitations are rare compared to Earth-like atmospheric conditions. These
states quickly decay to metastable states, with lifetimes of ⇠109 s, where J=K. The
states are an inversion doublets. This means the N atom may tunnel through the
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plane of hydrogen atoms emitting a photon. These are the transitions we observe
at any give J, K state. There are two possible orientations of the hydrogen atoms:
one orientation where the spins of the hydrogen atoms are parallel giving rise to
ortho-NH3 (K=3n where n is an integer), and the other where the spin of one of the
hydrogen atoms is flipped giving rise to para-NH3 (K6=3n).
This particular structure is extremely useful for estimating temperatures in the

Figure 1.1 Energy level diagram of NH3 for levels below 1000 K with values of J, K
in parentheses. This figure was created with energy levels from the Submillimeter,
Millimeter and Microwave Spectral Line Catalog line list (Pickett et al., 1998).
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astronomical context. Because the non-metastable states are short lived, and transitions between K ladders are forbidden, the NH3 molecule quickly decays to the
metastable states preserving the Boltzmann distribution of the level population.
By measuring multiple metastable states it is then possible to back out the rotational temperature of the gas where the NH3 molecule is excited. Between any two
metastable states (J and J0 ) the rotational temperature ( TJJ 0 )1 is defined by the
ratio of the column densities
⇣
NJ 0 J 0
gJ 0 J 0 J 0 (J 0 + 1)
=
exp
NJJ
gJJ J(J + 1)

E⌘

TJJ 0

where the statistical weights gJJ are 1 for para-NH3 and 2 for ortho-NH3 and

(1.1)
E is

the di↵erence in energy between the two metastable states in Kelvin (Henkel et al.,
2000). The upper inversion states (Nu ) may also be substituted for the total column
of an individual state.
Column densities of NH3 are commonly measured in a few ways. The first is the
total column density of a given J, K state N (J, K)
N (J, K) =

1.65 ⇥ 1014 cm
⌫

where ⌫ is in GHz,

2

J(J + 1)
vTex ⌧tot
K2

(1.2)

v is in km s 1 , Tex is the excitation temperature in K, and ⌧tot is

the sum of the optical depths of the hyperfine transitions (Lebrón et al., 2011). Under
the assumption that the gas is optically thin Tex ⌧tot is approximately the observed
main beam brightness temperature ⇠ Tmb of the upper state of the inversion doublet.
Thus the equation becomes
N (J, K) =

1.65 ⇥ 1014 cm
⌫

2

J(J + 1)
vTmb
K2

(1.3)

making it possible to measure beam averaged column densities. The column density
of the upper inversion state is also commonly used (Henkel et al., 2000). This is
1 We

write TJJ 0 but we mean TJK where K=J0
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di↵erent by approximately a factor of two as we are only including one of the inversion
states.
Nu (J, K) =

7.77 ⇥ 1013 cm
⌫

2

J(J + 1)
vTmb
K2

(1.4)

This works well for emission. However, against a background continuum source,
temperatures from NH3 absorption must involve the brightness temperature of the
background. Huettemeister et al. (1995) use the following for the column of both
inversion levels
N (J, K)
J(J + 1)
= 1.61 ⇥ 1014
⌧ ⌫1/2
Tex
K 2⌫

(1.5)

and,
⌧=

ln(1

|TL |
)
TC

(1.6)

⌫1/2 (FWHM) is in km s 1 , TL and TC are brightness temperatures of the

where

line and continuum, respectively, and ⌧ is the optical depth. For the column of only
the upper state we have
Nu (J, K)
J(J + 1)
= 7.28 ⇥ 1013
⌧ ⌫1/2
Tex
K 2⌫

(1.7)

from Zschaechner et al. (2016) as calculated from Mangum & Shirley (2015). If one
is to estimate the total column density of NH3 we must remember that the (0,0)
state belongs to ortho-NH3 , does not have a dipole moment, and no inversion level
splitting, thus it is not directly observable like all the other inversion transitions.
This requires the determination of a rotational temperature. For example, one can
measure the (1,1) and (2,2) lines to get a rotational temperature (Equation 1.1),
then extrapolate to the (0,0) state and sum over all metastable states.

1.3.2

Water

The term maser stands for Microwave Amplification by Stimulated Emission of Radiation. A maser is by definition a population inversion, where the excited state
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Figure 1.2 A simple three level maser energy diagram. The molecule is pumped to an
excited state E3 and de-excited from E2 to E1 through stimulated emission. The rate
of excitation exceeds that of de-excitation so as to maintain the population inversion
N3 > N1 .

is more heavily populated than the lower state, and de-excited through stimulated
emission. The excited state must be metastable unless it decays spontaneously. A
seed photon stimulates the emission of two identical photons resulting in amplification. In order to maintain the maser, the molecules must be pumped into the excited
state either by collisions or radiation (Gray, 2012). Figure 1.2 shows a simplified 3
level astrophysical maser.
The 22 GHz H2 O(616 -523 ) maser is the first maser transition we will explore. It
was first observed in an extragalactic context by Churchwell et al. (1977) in M 33.
H2 O has two species: ortho-H2 O where the spins of the H are aligned, and para-H2 O

9

Chapter 1. Introduction

Figure 1.3 Energy level diagram of ortho-H2 O for energies below 800 K adapted from
van Dishoeck et al. (2013). The 22 GHz maser transition is shown in red. This figure
was created with energy levels from the Submillimeter, Millimeter and Microwave
Spectral Line Catalog (Pickett et al., 1998)

where the spins are anti-aligned. Figure 1.3 shows the energy level diagram of orthoH2 O. The maser is collisionally pumped (de Jong, 1973). Since then many studies
have shown a relationship with star forming environments and AGN (e.g, Palagi et
al., 1993, Hagiwara et al., 2001, Reid et al., 2009). There are three classes of H2 O
masers defined by their luminosities: stellar (L < 0.1 L ), kilomasers (0.1 L < L <
20 L ), and megamasers (L > 20 L ). This nomenclature is explained by Hagiwara
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et al. (2001).
The conditions under which H2 O can mase require gas densities > 106 cm

3

and

kinetic temperatures ⇠ 400 K (Elitzur et al., 1989). These are typically indicators
of strong star formation (the exception being megamasers and evolved stars). The
stellar class is associated with Young Stellar Objects (YSOs) and Asymptotic Giant
Branch (AGB) stars (Palagi et al., 1993). There is a correlation between the mass loss
rate and the luminosity of the maser (e.g., Engels et al., 1986), which can be variable
on time scales of weeks or months (e.g., Claussen et al., 1996). The kilomaser class is
particularly related to strong star formation activity (Hagiwara et al., 2001). These
could be constructed of many stellar masers or they could be the low luminosity
tail of the megamaser class (Tarchi et al., 2011). The most luminous class, the
megamasers, is not necessarily related to star formation but rather dusty molecular
tori around AGN (Claussen & Lo, 1986). Maser spots are typically compact, of the
order of a few pcs, and have sharp velocity profiles, making them excellent tracers
of kinematics (e.g. Reid et al. (2009)). In any case these masers are tracing shocked
hot dense gas, typically related to star formation, making the 22 GHz H2 O maser
transition a useful tool in studies of star formation feedback.

1.3.3

Methanol

There are two forms of CH3 OH, E and A, depending on the symmetry. CH3 OH is
almost a symmetric top molecule. The E-type of methanol has energy levels from
J K J and the A-type has levels from 0 K J (Leurini et al., 2004). The energy
level diagram for E CH3 OH is shown in Figure 1.4. There are two forms of methanol
masers. Class I is collisionally pumped and Class II is radiatively pumped (Menten,
1991). E-type CH3 OH gives rise to class I 36 GHz and 86 GHz masers. Collisions
excite the molecule into high JK states. These rapidly decay to the K = 1 ladder
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Figure 1.4 Energy level diagram of E-type CH3 OH for energies below 100 K adapted
from Menten (1991). The 36 GHz maser transition is shown in red. This figure was
created with energy levels from the Cologne Database for Molecular Spectroscopy
(Müller et al., 2005)

overpopulating the K = 1 states giving rise to the 4

1

30 (36 GHz) and 5

1

40

(86 GHz) masers. In A-type CH3 OH the K=0 ladder is overpopulated giving rise to
70

61 (44 GHz), 80

71 (95 GHz), and 90

81 (146 GHz) masers (Menten, 1991).

We have chosen to focus on the 36 GHz Class I CH3 OH masers. These masers are
seen in shock fronts with moderate gas densities of 105

106 cm 3 , estimated from

Large Velocity Gradient (LVG) models from McEwen et al. (2014). Above these
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densities the E-type Class I masers are quenched (e.g., Menten, 1991, McEwen et al.,
2014), additionally McEwen et al. (2014) estimate, from LVG models, that kinetic
temperatures > 60 K enhance maser emission. These masers are typically found
in high mass star forming regions (Johnston et al., 1992) and supernova remnants
(McEwen et al., 2014) as an indicator of shocked material.

1.4

Radio Interferometry and Synthesis Imaging

The three molecular species we observe as indicators of the state of the dense ISM
have spectral lines at frequencies spanning 22-36 GHz, or wavelengths in the cm to
mm radio range. In order to resolve GMC scales (10-100 pc) in nearby galaxies we
need to have appreciable resolution. At a distance of 5 Mpc, one arcsecond equates
to ⇠25 pc in spatial resolution. To achieve this resolution one would need to build a
dish with a diameter of ⇠3 km. This is physically unfeasible, therefore a technique
called aperture synthesis is applied.

1.4.1

Aperture Synthesis

Aperture synthesis is a technique combining the outputs of two or more independent
collecting elements to synthesize a single telescope with a collecting area equivalent to
the sum of the collecting areas of the individual elements, and a diameter equivalent
to the longest separation between any two elements. The separation between any
two elements is called a baseline.
Imagine a plane wave of electromagnetic radiation, with frequency ⌫, arriving at
a two-element interferometer (Wilson et al., 2009). These telescopes are separated
by baseline b and both pointed at a source. Each element measures a voltage, V1 and
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τg
θ
b

V1

V2

⟨V1V2⟩
Figure 1.5 The two-element interferometer. The antennae are separated by a distance
b and measure voltages V1 and V2 . ⌧g is the delay of the signal arriving at antenna
one relative to antenna two. The output is then the time-averaged product of the
two antennae hV1 V2 i.
V2 (Figure 1.5).
V1 = V cos[2 ⇡⌫(t

⌧g )] and V2 = V cos[2 ⇡⌫t]

(1.8)

The delay from the signal arriving at one antenna compared to the other is ⌧g and
depends on the direction to the source and the baseline length. The response of the
interferometer is the time averaged product of the two elements:
R = hV1 V2 i =

V2
1
cos(2 ⇡⌫⌧g ) or the real part of R = V 2 e i!⌧g
2
2

(1.9)

This operation is done for every baseline by a computer called the correlator. If there
are N antennas, then there are N (N

1)/2 baselines. We can see that the output

changes as a function of source direction as R is a function of ⌧g . We see that the
response changes sinusoidally across the primary beam of each element. The phase
measured by the correlator ( = !⌧g ), called the fringe phase, is a function of b, and
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angle the source vector makes with the baseline vector, ✓:
=

!
b cos(✓)
c

(1.10)

This is a Fourier element of the sky brightness distribution. Each two element
interferometer measures a single Fourier element /(b cos(✓)). In principle we could
stop here, we can measure a flux and position of the source from the amplitude
and phase of the fringes. If the source is extended we can integrate over the source
after correcting for the primary beam response. However, the position of a source
is only constrained in one direction and we lack sensitivity. To better constrain
source positions with better sensitivity we can add more baselines by adding more
telescopes. It follows that by measuring many Fourier elements we can construct a
well understood response for a point source over the primary beam on the sky.
Moving from the two element interferometer to the many element interferometer
it becomes simpler to work in Fourier space. The east and north directions, along
which the projected baselines on the celestial sphere are measured, are referred to
as u and v. We can then convert back to intensity distribution on the sky, in xy
coordinates, by a Fourier transform. The response of the interferometer is thus the
Fourier transform of the sampling function of the (u, v) plane. We refer to this
response as the “dirty beam”. In essence the interferometer measures the Fourier
response of the sky, via the convolution of the dirty beam and the distribution of
sources on the sky.
Wilson et al. (2009) discuss several methods for calibrating interferometer data.
Here we present the most basic description of the process. Calibration involves
observing three di↵erent calibrators: a flux density calibrator, bandpass calibrator,
and a complex gain and phase calibrator. The flux density calibrator is a source on
the sky that has a known flux density and a well modeled sky brightness distribution.
This allows for the determination of the flux density scale (Perley & Butler, 2017).
The bandpass calibrator is observed to determine frequency dependent changes in
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the gain. This is typically a strong source with a known spectrum such that a
determination of the bandpass solutions can be made quickly. Lastly, a complex
gain and phase calibrator is observed between integrations on the target source.
The phase calibrator allows for the determination of changes in the atmosphere, or
instrument, that a↵ect the amplitude and phase of the target as a function of time
during an observation. Alternating integrations between the phase calibrator and the
science target are carried out until the desired signal to noise and adequate sampling
of the (u, v) plane are achieved.

Figure 1.6 A one-dimensional slice of the response of the Fourier transform of the
interferometer showing sidelobes. The x-axis shows the displacement from the source
and the y-axis shows the response.
.
There are a great many complications that arise from this kind of imaging, and
one may spend a lifetime studying the many intricacies of interferometry. Here we
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will discuss the issues most related to the rest of this dissertation. The first issue that
every observer will encounter is sidelobes. Because the Fourier space is incompletely
sampled, artifacts erupt around sources (Figure 1.6). The interferometer response
is not completely Gaussian. The image including the sidelobes is called the “dirty
image”. It is the sky brightness distribution convolved with the interferometer response. This can be addressed by deconvolving or “cleaning” the image (Högbom,
1974). The dirty beam is measured from the Fourier transform of the (u, v) coverage
of the array. A clean beam is then determined by a fit to the central peak of the dirty
beam and scaled to conserve the total flux. The CLEAN algorithm then searches
the dirty image for the peak intensity in the dirty image. The algorithm records a
clean component with the position and a fraction of the peak intensity value. The
dirty beam is then convolved with the clean component and subtracted from the
dirty image. This fraction is called the loop gain and low values such as 0.1 to 0.2
help the process to converge. The algorithm proceeds in this fashion until all peaks
above a user defined threshold are found. What remains of the dirty image is called
the residual image. Then a clean image is made by convolving the clean beam with
all the clean components and adding back the residual image. The final image is
then divided by the primary beam response.
The second issue that is most important to this dissertation is that of invisible
distributions. The concept of maximum resolution is familiar to all astronomers.
That is the smallest angular size which can be determined reliably. However, due to
the sampling of Fourier space, an interferometer also has a minimum resolution, or
the largest angular size which can be determined reliably. This is set by the shortest
distance between collecting elements. Some or all of the flux will be invisible because
the interferometer will not be sensitive to the largest angular scales, decreasing the
strength of extended sources in the image. Another way to think about this is
that if a source distribution on the sky has spatial frequencies not sampled by the
interferometer, some flux will not be detected. That is, there is an infinite number
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of invisible distributions that fit the data due to un-sampled (u, v) spacings. To
reiterate, there are many complications that arise from interferometric observations.
These two are the ones that are most relevant to this dissertation.

1.4.2

The VLA and the WIDAR Correlator

Figure 1.7 Aerial image of the Karl G. Jansky Very Large Array. Image courtesy of
NRAO/AUI.

The Very Large Array (VLA)2 is a Y-shaped interferometer (Figure 1.7). It
consists of 27 antennas yielding 351 baselines. It takes advantage of the rotation
of the Earth to fill in the (u, v) plane by allowing the Earth to rotate under a
source, causing the projection of the baselines to change with time. The shape of
the VLA allows for complete tracks every four hours. It is also reconfigurable into
2 The

National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc.
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four di↵erent configurations with di↵erent maximum baselines and (u, v) coverages.
The A configuration has the largest maximum baseline, 36.4 km, yielding the highest
angular resolution, whereas the D configuration has a maximum baseline of 1.03 km
yielding low angular resolutions but the best sky brightness sensitivity. B and C
configurations have maximum baselines of 11.1 km and 3.4 km, respectively. It is
possible to combine configurations to gain the best (u, v) coverage for a particular
science case.
The Wideband Interferometric Digital ARchitecture (WIDAR) correlator is part
of the Expanded Very Large Array (EVLA) project. The upgrade started in 2001
and was completed in 2011. The telescope was renamed the Karl G. Jansky Very
Large Array (henceforth VLA). The correlator allows for full coverage of radio bands
from 1 to 50 GHz. It can be configured with up to 8 GHz of bandwidth with 16,384
channels, to a maximum of 4,194,304 channels over 0.5 GHz for high spectral resolution (Dougherty & Perley, 2010). This gives the observer a wide range of spectral
capabilities from high spectral resolution to high continuum sensitivity.
As part of commissioning tests, observations the protocluster NGC 6334 targeted
the NH3 (1,1) to (6,6) lines, the H64↵ Radio Recombination Line (RRL), and the
25 GHz Methanol line. All lines were detected in 10 minutes on source demonstrating the power of the WIDAR correlator for spectral line observations (Brogan &
Hunter, 2010). It is this ability that we exploit in this dissertation. Systematics
among observations i.e. di↵erent atmospheric opacities, di↵erent Radio Frequency
Interference (RFI; which would be more time consuming to remove in multiple observations), and antenna temperatures, are eliminated, because many spectral lines
can be captured in a single observation.
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NGC 253: NH3 Thermometry, and
H2O and CH3OH Masers

2.1

Overview

We present Karl G Jansky Very Large Array molecular line observations of the nearby
starburst galaxy NGC 253, from SWAN: “Survey of Water and Ammonia in Nearby
galaxies”. SWAN is a molecular line survey at centimeter wavelengths designed to
reveal the physical conditions of star forming gas over a range of star forming galaxies.
NGC 253 has been observed in four 1 GHz bands from 21 to 36 GHz at 600 (⇠ 100 pc)
spatial and 3.5 km s

1

spectral resolution. In total we detect 19 transitions from

seven molecular and atomic species. We have targeted the metastable inversion
transitions of ammonia (NH3 ) from (1,1) to (5,5) and the (9,9) line, the 22.2 GHz
water (H2 O) (616

523 ) maser, and the 36.1 GHz methanol (CH3 OH) (4

1

30 )

maser. Utilizing NH3 as a thermometer, we present evidence for uniform heating over
the central kpc of NGC 253. The molecular gas is best described by a two kinetic
temperature model with a warm 130 K and a cooler 57 K component. A comparison
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of these observations with previous ALMA results suggests that the molecular gas
is not heated in photon dominated regions or shocks. It is possible that the gas
is heated by turbulence or cosmic rays. In the galaxy center we find evidence for
NH3 (3,3) masers. Furthermore, we present velocities and luminosities of three H2 O
maser features related to the nuclear starburst. We partially resolve CH3 OH masers
seen at the edges of the bright molecular emission, which coincides with expanding
molecular superbubbles. This suggests that the masers are pumped by weak shocks
in the bubble surfaces.

2.2

Introduction

NGC 253 is one of the closest starburst galaxies to the Milky Way. We adopt a
distance of 3.5 Mpc measured from the tip of the red giant branch (Radburn-Smith
et al., 2011) and a systemic velocity of 234 km s

1

in the LSRK frame from Whiting

(1999). All velocities in this chapter will be in the LSRK frame unless otherwise
stated. Figure 2.1 shows a Spitzer 8 µm image of NGC 253 (Dale et al., 2009). The
inset shows the central kpc with 3, 6 and 9 contours of NH3 (3,3) emission from our
data discussed in Section 2.4.2.1. The disk is inclined at i⇠78 (Pence, 1980). NGC
253 has a total star formation rate (SFR) of ⇠5.9 M yr

1

of which approximately

half is concentrated into the central kpc (McCormick et al., 2013). The molecular
outflow from the central kpc has a mass-loss rate estimated at 9 M yr

1

possibly

starving the current star forming event (Bolatto et al., 2013).
Centimeter and millimeter wavelength spectra of galaxies provide access to diagnostically important molecular tracers. The molecular gas is often well traced by
CO, however more complex molecules can provide better tracers of gas properties
such as temperature and density, and can be used to trace specific conditions such
as PDRs and shocks (e.g. Fuente et al., 1993, Garcı́a-Burillo et al., 2000, Meier &
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Figure 2.1 Spitzer IRAC 8.0µm image of NGC 253 (Dale et al., 2009). The inset
shows the central kpc with NH3 (3,3) 3 to 30 contours, in steps of 3 , showing the
dense molecular gas associated with the nuclear starburst. The 3 contour equates
to 4.7 mJy beam 1 km s 1 .

Turner, 2005, and Meier et al., 2015). This study will focus on the metastable transitions (J = K) (1,1) to (5,5) and (9,9) of NH3 , the 22 GHz H2 O (616
and the 36 GHz CH3 OH (414

523 ) maser,

303 ) maser. We will use a combined analysis of these

lines to expose the processes that dominate the central kpc of NGC 253.
The NH3 molecule generally works well as a temperature tracer of the molecular
gas. The tetrahedral structure of NH3 makes it a symmetric top, meaning the energy
states are described by the rotation angular momentum quantum number J and the
projection along the symmetry axis K. The J = K states, called metastable states,
are long lived compared to J > K states, and population exchanges between K
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ladders are forbidden except by collisions. Therefore when NH3 is collisionally excited
( critical density nH2 & 103 cm 3 ) the K ladders are expected to be populated in
accordance with the kinetic temperature of the gas. As a result, measurements of the
relative intensities of metastable states act as probes of the rotational temperature
of the gas (e.g. Ho & Townes, 1983, Walmsley & Ungerechts, 1983, Lebrón et al.,
2011, Ott et al., 2005, Ott et al., 2011, and Mangum et al., 2013).
The NH3 (3,3) state can be a maser transition (Walmsley & Ungerechts, 1983),
but it is less well studied than other masers. In the Galaxy there is a weak association of NH3 (3,3) masers with dense gas in star forming regions (e.g., Wilson &
Mauersberger, 1990, Mills & Morris, 2013, and Goddi et al., 2015). Here we will use
metastable transitions of NH3 to understand the heating and cooling balance of the
dense molecular ISM in NGC 253.
The H2 O and CH3 OH masers provide a unique opportunity to probe star forming
environments. The H2 O line requires gas densities > 107 cm

3

and kinetic tempera-

tures > 300 K to mase (e.g. Genzel & Downes, 1977). In the Galaxy these masers
are typically found in shocked regions around Young Stellar Objects (YSOs) and
Asymptotic Giant Branch (AGB) stars (e.g. Palagi et al., 1993) and may be used to
identify regions of hot, dense, and/or shocked gas. This is in addition to precisely
tracing kinematics of stellar winds (e.g. Goddi & Moscadelli, 2006), and accretion
disks (e.g., Peck et al., 2003; Lo, 2005; Reid et al., 2009).
Class I (collisionally pumped) and II (radiatively pumped) CH3 OH masers are
found in high mass star forming regions (e.g. Ellingsen et al., 2012). Class I masers
are also found in supernova remnants (e.g. McEwen et al., 2014) in the Galaxy. The
Class I masers trace shocks and gas densities > 104 cm

3

(Pratap et al., 2008). The

36.2 GHz CH3 OH line studied here is a Class I type maser. We will mostly use these
masers as signposts of shocked material.
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In §2.3 we describe the observational setup. In §2.4 we report our measurements
of the NH3 , H2 O, and CH3 OH lines in addition to a brief description of the continuum
and the H56↵ Radio Recombination Line (RRL). In §2.5 we discuss the derivation
of temperatures across the molecular bar, the relevance of the H2 O masers to the
outflow, the significance of the CH3 OH masers, and a comparison with previous
ALMA millimeter molecular lines. Lastly, we summarize our findings in §2.6.

2.3

Observations and Data Reduction

We observed NGC 253 with the 18-26.5 GHz and 26.5-40 GHz (K- and Ka-bands)
receivers of the Karl G. Jansky Very Large Array (VLA)1 (project code: 13A-375).
The K-band observations were carried out on 2013 May 11. The Ka-band observations were split into two sessions: 2013 May 23 and 2013 May 26. The VLA was
in the DnC hybrid configuration for all these observations. This configuration delivers a rounder beam for low declination sources because the north arm is in the
more extended C configuration, while the east and west arms are in D configuration.
The received signal is sampled at each antenna using the 8-bit samplers. These provide two 1 GHz baseband pairs with both right and left hand circular polarizations.
The correlator was set up to divide each baseband into 8 sub-bands each with 512
channels resulting in a channel width of 250 kHz. This yields a velocity resolution
ranging from 3.0 to 3.3 km s

1

for the K-band, and 2.0 to 2.7 km s

1

for the Ka-

band observations. The baseband pairs were centered at 21.8 GHz and 24.1 GHz
in K-band, 27.1 GHz and 36.4 GHz in Ka-band. They will be referred to as the 22
GHz, 24 GHz, 27 GHz, and 36 GHz basebands, respectively. These were chosen to
include the metastable NH3 transitions from (1,1) with rest frequency 26.6946 GHz,
to (5,5) at 24.5330 GHz, as well as (9,9) at 27.4779 GHz, the H2 O(616
1 The

523 ) maser

National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc.
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line at 22.2351 GHz, and the CH3 OH(414

303 ) transition at 36.1693 GHz. All of the

detected lines and their rest frequencies are listed in Table 2.1. The on source time
for the K-band and Ka-band observations was 4.4 hours and 3.6 hours, respectively.
We used 3C48 as the flux density calibrator Perley & Butler (2013), J2253+1608 as
the bandpass calibrator, and J0025-2602 as the complex gain calibrator in all observations. We alternated between 10 minute intervals on NGC 253 and 1.5 minute
intervals on the complex gain calibrator.
The data were reduced in the Common Astronomy Software Applications (CASA)
package version 4.2.2 (McMullin et al., 2007). At the adopted distance of 3.5 Mpc
the linear scale is ⇠17 pc per arcsecond. The half power primary beam widths of

the VLA for the K- and Ka-bands are 2.10 (⇠2 kpc) and 1.50 (⇠1.5 kpc) respectively.
All data cubes were gridded with 0.2500 pixels, mapped using natural weighting,
CLEANed to ⇠ 3 rms noise, and are regridded to a common velocity resolution of

3.5 km s 1 . Continuum subtraction was performed in the (u, v) domain. For the 24
GHz baseband, several baselines were flagged for being noisy yielding a slightly larger
synthesized beam than the 22 GHz baseband. The resulting image cubes are then
smoothed with a Gaussian kernel to a common synthesized beam of 600 ⇥400 (Position
Angle: 3.00 ). The common resolution cubes are used for consistency for all the
observed lines. The resulting rms noise values in the K-band and Ka-band image
cubes are 0.5 mJy beam

1

and 1 mJy beam

1

in a 3.5 km s

1

channel, respectively.

The maser lines of H2 O, CH3 OH, and NH3 (3,3) have also been imaged with 0.2500
pixels and Briggs (robust=0) weighting, yielding a synthesized beam of 400 ⇥300 for

H2 O and NH3 (3,3) and 200 ⇥100 for CH3 OH, to better constrain the locations of masing
material. The rms noise in the K-band and Ka-band Briggs weighted image cubes
are 1.5 mJy beam

1

and 3.1 mJy beam

1

in a 3.5 km s

1

channel, respectively. A

super-resolved cube was constructed for the H2 O maser data. This was done by
deconvolving a dirty image cube then convolving the CLEAN components with a
100 circular beam. This super-resolved image cube is used to emphasize structures
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seen in the CLEAN components that are difficult to discern in the regularly resolved
image cubes. No quantitative measurements are made with the super-resolved cube.

2.4

Results

The full continuum subtracted spectra of our K- and Ka-band observations are presented in Figure 2.2. We have identified 17 transitions from seven di↵erent molecular
or atomic species shown in Table 2.1. Lines were identified by searching the common
resolution data cubes with a pixel sized beam. We set conditions for a detection
at a peak flux of >1.5 mJy beam
channel

1

1

channel

1

for K-band and >3.0 mJy beam

for Ka-band, and a FWHM of &30 km s

1

for thermal lines. For known

maser transitions single channels above 6 are considered detections.
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Figure 2.2 The observed spectrum from K-band and Ka-band. The spectrum was
extracted from a 4000 ⇥2500 box centered at RA: 00h 47m 33.12s DEC: 25 170 19.3300 and
Hanning smoothed with a window of 21 channels . Each box shows the selected 1 GHz
basebands with frequency on the X-axis and flux density on the Y-axis. Detected
molecular and atomic species are identified with black arrows, though these may not
be apparent due to the large area we extracted these spectra from. The missing
channels between spectral windows are a consequence of the spectral setup.
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Table 2.1. Detected Molecular and Atomic Transitions in NGC 253

Transition

Rest Frequency
(GHz)

c-C3 H2 (220
H2 O(616

211 )

523 )

21.5874
22.2351

H66↵

22.3642

H64↵

24.5099

NH3 (1,1)

23.6945

NH3 (2,2)

23.7226

NH3 (3,3)

23.8701

NH3 (4,4)

24.1394

NH3 (5,5)

24.5330

H62↵

26.9392

c-C3 H2 (330

321 )

27.0843

HC3 N (3-2)

27.2944

NH3 (9,9)

27.4779

CH3 OH (4

1

33 )

36.1693

HC3 N (4-3)

36.3924

H56↵

36.4663

CH3 CN (2

1)

36.7956

Note. — Molecules selected for this paper’s analysis are shown in bold face text
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2.4.1

Continuum Emission and Radio Recombination Lines

The radio continuum emission from NGC 253 is resolved in all four basebands (Figure
2.3). Images were made selecting only line free channels. The flux density measured
in the 24 GHz baseband is 550±30 mJy. This agrees with the value of 520±52 mJy
from Ott et al. (2005). The 36 GHz flux density measures 350±40 mJy in close
agreement with the value of 332.5±0.1 mJy at 31.2 GHz measured by Kepley et
al. (2011). The other continuum flux density measurements are 470±20 mJy and
370±40 mJy for the 22 GHz and 27 GHz basebands, respectively. The spectral index
derived from the K-band basebands is

1.8±0.5 and for Ka-band 0.2 ± 0.4. The

measurements suggest the continuum goes through a minimum between the 24 GHz
and 27 GHz basebands. The H56↵ transition is the strongest radio recombination
line (RRL) we detect. Figure 2.4 shows the relationship between the Hubble (HST)
H↵ (Watson et al., 1996), H56↵, Pa↵ (Alonso-Herrero et al., 2003), and the 36
GHz continuum emission. We treat the H↵ as a tracer of the outflow with heavy
dust obscuration, Pa↵ as a partially obscured star formation tracer and RRL as an
unobscured star formation tracer.

2.4.2

Molecular Emission Lines

Our analysis from here on will focus only on NH3 , H2 O, and CH3 OH. These transitions are shown in bold text in Table 2.1. Intensity and peak flux maps are shown
in Figure 2.5. Spectra have been extracted from the naturally weighted, smoothed
cubes from the pixels at the locations marked by crosses (Figure 2.5) and are shown
in Figures 2.6, 2.8, and 2.9. These locations were selected from the spatial peaks in
the peak flux maps shown, or for spectrally unique characteristics. For example, W2
is not a spatial peak in the peak flux map but was selected for a spectral component
discussed in Section 2.4.2.2. The continuum peak is labeled C1, and identifies the
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Figure 2.3 Images of the continuum emission from each of the 1 GHz basebands.
The images are have not been smoothed to the common 600 ⇥ 400 resolution, and have
resolutions of 5.100 ⇥3.100 , 5.100 ⇥3.500 , 3.300 ⇥1.700 , and 2.600 ⇥1.400 , for the 22 GHz, 24
GHz, 27 GHz, and 36 GHz images, respectively.

starburst center. The NH3 locations are labeled A1-A7. We use the NH3 (3,3) line to
select a representative sample of locations across NGC 253 because it is the strongest
observed NH3 transition. Locations for H2 O and CH3 OH are labeled with W and M,
respectively.
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NH3 Inversion Lines
The observed NH3 emission spans an elongated structure ⇠1 kpc in length about
the continuum peak. The northeast (NE) side of the continuum peak contains three
NH3 (3,3) spatial peaks (A1, A2 and A3), which are blueshifted from the systemic
velocity with observed velocities ranging from ⇠ 160 km s

1

to 200 km s 1 .The south-

west (SW) side of the continuum peak contains four NH3 (3,3) peaks (A4, A5, A6, and
A7), which are redshifted from systemic with velocities ranging from ⇠ 280 km s

1

to 320 km s 1 . (Figure 2.5). The peaks A1, A2, and A3 can be cross-identified with
in regions F, E, and D from Ott et al. (2005) and A4, A5, A6 and A7 are analogous
to C, B, and A . It should be noted that this is not a one to one mapping as we
have a smaller beam than the superresolved cube used in Ott et al. (2005). The NH3
spectra from each pixel are shown in Figure 2.6. We detect inversion transitions
NH3 (1,1) to (5,5) at all locations. In addition the NH3 (9,9) line is weakly detected
at site A3 (Figure 2.7). At the continuum peak all the NH3 transitions are seen
in absorption with the exception of NH3 (3,3). Single Gaussians were fitted to the
spectrum extracted from each location, from which we extract the integrated flux,
peak flux, FWHM, and the line center, from the individual pixels marked in Figure
2.5. The properties of the metastable transitions, NH3 (1,1) to (5,5), for A1-A7 are
listed in Table 2.2 and C1 in Table 2.3. The weakly detected NH3 (9,9) fit results are
listed in Table 2.4. We do not see the NH3 metastable inversion hyperfine transitions
(J=K,

F = 1) as the lines are likely weak and broad enough to be smeared out.

A1, A5 and A6 FWHMs are a few tens of km s

1

wider than the other locations.

These three sites are located on the edges of superbubbles (See section 4.4) discovered
by Sakamoto et al. (2006). At C1, the NH3 (3,3) line appears in emission whereas
all other inversion lines appear in absorption (Figure 2.6), interpreted to be due
to the existence of NH3 (3,3) masers, confirming the result from Ott et al. (2005).
The NH3 (3,3) emission for C1 is not well described by a single Gaussian and thus
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two Gaussians were fit to the data (Figure 2.10), with FWHMs of 55±3 km s
and 130±10 km s

1

and centers of 172±1 km s

NH3 (3,3)a and NH3 (3,3)b.
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and 257±5 km s 1 , respectively
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Figure 2.4 Comparison of star formation and outflow tracers. The plus sign marks
the peak of the 36 GHz continuum. The contours show the 3, 6, and 9 contours
of the naturally weighted H56↵ RRL where 1 is 0.08 Jy beam 1 km s 1 . (a) H56↵
RRL shows the least dust obscured star formation. (b) the 36 GHz continuum image
shows a close correlation with the two knots in the RRL. (c) HST WFPC2 H↵ image
(Watson et al., 1996). (d) HST P↵ (Alonso-Herrero et al., 2003) shows the outflow
less well than the H↵ but is less obscured by dust.
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Figure 2.5 Images of the NH3 (3,3) (left column), H2 O (center column), and CH3 OH
(right column) lines. The top row shows the peak flux images of the naturally
weighted image cubes spanning 300 km s 1 about systemic velocity. The bottom row
shows the intensity images smoothed to the common resolution of 600 ⇥400 . Both the
peak flux and intensity images are plotted with the same greyscale. The plus signs
mark locations where spectra were extracted for analysis, and the continuum peak is
marked C1. The contour is 60 Jy beam 1 km s 1 of 12 CO(J = 1 ! 0) from Bolatto
et al. (2013) smoothed to match the resolution of the VLA data.
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Figure 2.6 Spectra of the NH3 (1,1) to (5,5) transitions extracted from locations A1A7 and C1. NH3 (3,3), plotted in green, shows emission at all locations, whereas all
the other inversion lines are absorbed toward C1. We have plotted the 12 CO(J = 1 !
0) profile (scaling factor of 0.05 and 2.5 km s 1 resolution) from Bolatto et al. (2013)
in black for comparison. The vertical dashed line denotes the systemic velocity of
NGC 253 of 234 km s 1 .
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Figure 2.7 Spectrum of the NH3 (9,9) line extracted from location A3. The vertical
dashed line shows the systemic velocity of 235 km s 1 and the dotted line shows the
best fit, for which the results are listed in Table 2.4.
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Figure 2.8 H2 O maser spectra from W1, W2, and W3. W1 shows multiple velocity
components. These are labeled a to c. W2 is a spectrally broad component centered
at 233 km s 1 . It is highlighted by the grey box and the best fit spectrum is shown
by the dotted line. This component appears to consist of many individual masers.
The dashed line shows the CO spectrum, with 2.5 km s 1 resolution, at each location
scaled by 0.025, from Bolatto et al. (2013).
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Figure 2.9 Methanol spectra from M1 to M5. CO spectra are plotted with a dotted
line with a flux density scaling factor of 0.25 and o↵set of 0.5 K. The systemic velocity
of NGC 253 is denoted with a vertical dashed line at 234 km s 1 .
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Figure 2.10 The NH3 spectra towards C1. The systemic velocity of 234 km s 1 is
shown with a vertical dashed line. All the para species of NH3 appear in absorption
while the NH3 (3,3) line appears in emission. The solid black line represents the
best fit two Gaussian profile. The individual Gaussian components are plotted with
dotted lines.
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Location
RA (J2000) hh:mm:ss
0

DEC (J2000)

00

Distance from C1* (pc)

A1

A2

A3

A4

A5

A6

A7

00:47:34.0

00:47:33.6

00:47:33.3

00:47:32.8

00:47:32.3

00:47:32.2

00:47:31.9

-25 17 11.2

-25 17 12.8

-25 17 15.3

-25 17 21.1

-25 17 19.9

-25 17 25.2

-25 17 28.7

202

131

53

107

208

253

342

NH3 (1,1)

40

R

Tmb d⌫ (K km s

VLSRK ( km s

1)

1)

VF W HM ( km s

1)

Tmb (K)

48.8±2.1

66.8±2.4

24.6±2.0

57.2±2.2

61.0±3.0

62.4±2.6

59.3±2.3

200.1±1.8

172.8±1.4

62.8±2.1

278.2±0.1

313.2±2.3

294.5±1.9

299.6±1.4

83.6±4.2

80.8±3.5

54.2±5.0

65.3±3.2

95.2±6.0

90.0±4.3

74.9±3.5

0.55±0.08

0.78±0.09

0.43±0.09

0.81±0.09

0.60±0.10

0.65±0.09

0.74±0.09

NH3 (2,2)
R

Tmb d⌫ (K km s

VLSRK ( km s

1)

VF W HM ( km s

1)

1)

44.4±2.1

49.8±1.9

16.7±1.7

42.4±1.7

48.3±2.1

47.0±2.3

39.3±2.0

225.4±2.0

198.6±1.4

192.2±2.6

309.5±1.1

336.4±2.0

323.2±2.3

328.5±1.8

87.1±5.3

73.6±3.3

49.7±5.6

55.1±2.6

89.1±4.6

91.4±5.1

74.3±4.4
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Table 2.2. NGC 253 NH3 Line Parameters From A1-A7

Location
RA (J2000) hh:mm:ss
0

DEC (J2000)

00

Distance from C1* (pc)
Tmb (K)

A1

A2

A3

A4

A5

A6

A7

00:47:34.0

00:47:33.6

00:47:33.3

00:47:32.8

00:47:32.3

00:47:32.2

00:47:31.9

-25 17 11.2

-25 17 12.8

-25 17 15.3

-25 17 21.1

-25 17 19.9

-25 17 25.2

-25 17 28.7

202

131

53

107

208

253

342

0.45±0.08

0.64±0.08

0.32±0.09

0.72±0.08

0.51±0.08

0.48±0.08

0.50±0.08

126.9±2.3

83.1±2.4

89.9±2.5

80.9±1.6

316.6±1.4

287.9±1.3

308.5±0.6

41

NH3 (3,3)
R

Tmb d⌫ (K km s

VLSRK ( km s

1)

1)

VF W HM ( km s

1)

Tmb (K)

74.0±12.1

132.0±2.3

125.5±3.2

204.9±0.8

176.6±0.6

176.2±0.8

283.9±0.5

68.8±2.0

74.4±1.4

63.7±2.0

61.5±1.4

103.5±3.7

93.7±3.1

66.1±1.6

1.01±0.07

1.39±0.08

1.85±0.14

1.94±0.10

0.78±0.08

0.90±0.09

1.15±0.07

NH3 (4,4)
R

Tmb d⌫ (K km s

VLSRK ( km s

1)

1)

15.0±2.1

23.9±1.9

8.0±1.4

19.8±1.3

24.1±2.3

20.0±2.2

20.1±1.7

199.0±3.7

176.9±2.8

166.5±3.6

286.7±1.6

301.9±5.1

300.3±4.5

310.0±2.8
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Table 2.2 (cont’d)

Location
RA (J2000) hh:mm:ss
0

DEC (J2000)

00

Distance from C1* (pc)
VF W HM ( km s

1)

Tmb (K)

A1

A2

A3

A4

A5

A6

A7

00:47:34.0

00:47:33.6

00:47:33.3

00:47:32.8

00:47:32.3

00:47:32.2

00:47:31.9

-25 17 11.2

-25 17 12.8

-25 17 15.3

-25 17 21.1

-25 17 19.9

-25 17 25.2

-25 17 28.7

202

131

53

107

208

253

342

59.5±8.6

70.5±6.4

36.5±6.6

44.5±3.3

125.4±13.7

82.4±10.4

64.8±6.2

0.24±0.09

0.32±0.08

0.21±0.08

0.41±0.07

0.17±0.07

0.23±0.08

0.29±0.09

42

NH3 (5,5)
R

Tmb d⌫ (K km s

VLSRK ( km s

1)

VF W HM ( km s
Tmb (K)

1)

1)

12.1±2.4

11.0±1.3

5.2±1.3

16.9±1.8

15.0±2.5

13.2±2.2

11.2±1.5

195.9±6.1

164.5±2.5

168.3±3.7

281.4±2.7

316.1±7.3

285.6±8.3

294.2±2.4

71.5±19.2

40.9±5.2

29.0±7.7

53.9±7.6

91.2±19.2

103.5±19.6

36.5±5.1

0.15±0.08

0.25±0.08

0.17±0.09

0.29±0.08

0.15±0.09

0.12±0.07

0.28±0.09

Rotational Temperatures TJJ0
T12 (K)

46+54

37+22

34+64

37+33

39+43

38+33

34+22
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Table 2.2 (cont’d)

Location
RA (J2000) hh:mm:ss
DEC (J2000)

0

00

Distance from C1* (pc)

A1

A2

A3

A4

A5

A6

A7

00:47:34.0

00:47:33.6

00:47:33.3

00:47:32.8

00:47:32.3

00:47:32.2

00:47:31.9

-25 17 11.2

-25 17 12.8

-25 17 15.3

-25 17 21.1

-25 17 19.9

-25 17 25.2

-25 17 28.7

202

131

53

107

208

253

342

43

T24 (K)

72+76

89+76

89+18
13

87+66

91+98

82+88

93+98

T45 (K)

202+403
84

91+21
15

143+213
55

226+151
67

198+69
35

140+95
42

112+37
23

Kinetic Temperatures TKinJJ0
TKin12 (K)

99+38
23

60+11
8

50+23
12

59+11
8

68+19
12

62+15
10

48+96

TKin24 (K)

107+15
12

148+22
11

147+62
34

143+18
15

154+30
22

130+23
17

158+31
23

TKin45 (K)

229+460
96

103+24
17

162+243
64

257+173
76

145+79
40

159+108
48

126+43
27

⇤ Right

Ascension 00h 47m 33.160s Declination

25 17’ 17.11800
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Table 2.2 (cont’d)

Chapter 2. NGC 253
H2 O masers

We identify three regions of H2 O maser emission in the data cube, labeled W1 to W3
in Figure 2.5 (center). The W1 H2 O maser has been previously observed by Henkel
et al. (2004) and Brunthaler et al. (2009). Spectra at these positions are shown in
Figure 2.8. Regions W1 and W3 are seen as clear, spatially resolved peaks in Figure
2.5. Region W1 shows multiple velocity components with the main peak labeled
W1a, and the minor peaks labeled W1b and W1c. W2 is a faint feature which is not
spatially resolved from W1 and W3, but marks the peak emission of a unique broad
component shown by the shaded region in Figure 2.8. W2 is identified by the peak
emission from the narrow feature at 273 km s

1

channel (Figure 2.8). W1 and W2

show multiple peaks in the spectrum. These were fitted with single Gaussians where
appropriate. The properties are listed in Table 2.5. Single channel features are likely
real, given our spectral resolution, but, were not fitted by Gaussians and thus their
FWHMs are upper limits.
The spectrum of W2 has contributions from W1 and W3 as they are not resolved
from W2. W2 is a broad pedestal spanning ⇠100 km s

1

centered at 233 km s

1

with

several narrow features. Typical line widths in star forming regions are a few 10’s of
km s

1

(e.g., Ho et al., 1987 and Brunthaler et al., 2009). The rest of its properties

are listed in Table 2.5. This component is much better matched to systemic velocity
of NGC 253. W3 is a redshifted single velocity component maser at 303 km s 1 .
W1a dominates region W1 and is blueshifted with respect to systemic with an
observed velocity of 109 km s 1 . This source is coincident with TH2 and considered
to be the dynamical center (Turner & Ho, 1985). The integrated flux density of the
W1a maser is ⇠ 214 K km s

1

yielding a luminosity of 0.66 L making it a kilomaser.

The extension is hard to discern in the the peak flux density and integrated flux
maps (Figure 2.5), but it is clearly seen in the contours of the super-resolved image
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Table 2.3. Line Parameters Towards C1
R

NH3
(J,K)

Tmb d⌫

(K km s

VLSRK
1)

( km s

VF W HM
1)

( km s

1)

Tmb
(K)

Absorption
NH3 (1,1)

-8.1±1.5

223.3±3.4

32.3±6.9

-0.23±0.10

NH3 (2,2)

-17.5±1.7

247.7±2.6

49.7±6.6

-0.33±0.08

NH3 (4,4)

-10.7±2.4

223.8±6.9

60.0±16.3

-0.17±0.11

NH3 (5,5)

-6.8±1.3

218.7±2.9

29.4±6.1

-0.22±0.09

Emission
NH3 (3,3)a

48.6±5.1

171.1±1.1

55.1±3.2

0.82±0.09

NH3 (3,3)b

86.7±6.2

256.6±4.5

129.6±9.5

0.63±0.09

in Figure 2.11, where contours of the super-resolved image cube are plotted on the
HST H↵, P↵, and the RRL H56↵ images. The super-resolved H2 O contours show the

Table 2.4. NH3 (9,9) Line Parameters at A3

R

Tmb d⌫ (K km s

VLSRK ( km s

1)

VF W HM ( km s

1)

Tmb (K)

1)

6.9±1.2
164.7±3.5
38.1±6.7
0.17±0.07
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extension perpendicular to the major axis of NGC 253. This may indicate the W1
H2 O masers are related to the outflow of NGC 253 whereas W2 and W3 are spatially
more consistent with the nuclear material. This result needs to be confirmed with
higher resolution data. Lastly, we do not detect the 145 mJy km s

1

H2 O maser

dubbed H2 O-2 from Henkel et al. (2004) observed in September 2002. H2 O masers
associated with YSOs and AGB stars can be variable on time scales of months (e.g.
Claussen et al., 1996, Felli et al., 2007), therefore a non-detection is unsurprising.

Figure 2.11 Super-resolved H2 O 0.02, 0.04, 0.08, and 0.16 Jy beam 1 km s 1 contours
plotted on the HST WFPC2 H↵ (left; Watson et al., 1996) map, the HST P↵ (center;
Alonso-Herrero et al., 2003), and the RRL H56↵ (right). The synthesized beam in
the bottom left corner of the left panel shows the 100 circular resolution of the superresolved cube. The locations of W1 to W3 are plotted with cyan plus signs from left
to right.
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RA (J2000)
hh:mm:ss

Dec(J2000)
0

Velocity Component

00

R

Tmb d⌫

(K km s

VLSRK
1)

( km s

VF W HM
1)

( km s

1)

Tmb

Luminosity

(K)

L

W1
00:47:33.1

-25 17 16.9

47

a

214.9±3.5

109.1±0.3

42.0±0.9

4.7±0.2

0.667

b

6.2±1.1

27.0±0.4

3.5±0.5

1.7±0.2

0.019

c

5.5±0.1

21.0

3.5⇤

1.6±0.2

0.017

W2
00:47:33.0

-25 17 19.0

25.7±2.7

233.6

107.2±14.0

0.2±0.09

0.080

303.6±1.4

3.5±1.1

2.01±0.10

0.023

W3
00:47:32.8
⇤ unresolved,

-25 17 20.7
VF W HM is an upper limit

7.4±0.5
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Table 2.5. NGC 253 H2 O Maser Candidates
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36 GHz CH3 OH masers
Extragalactic 36 GHz CH3 OH masers were first detected by Ellingsen et al. (2014)
in NGC 253 with the Australia Telescope Compact Array (ATCA)2 with a 8.000 ⇥4.200
synthesized beam. Two sources were detected. The emission is likely not thermal in
its nature, despite the large FWHM of the line, due to the total integrated intensity
being ⇠20 times greater than the total integrated intensity from the Galaxy’s central
molecular zone (see Ellingsen et al., 2014). We resolve the two regions previously
seen in Ellingsen et al., 2014 into five di↵erent regions with masers as marked in
the peak flux map. The spectra are extracted from the common resolution (600 ⇥400 )
image cubes and shown in Figure 2.9. The pairs M1 and M2, and M4 and M5 are
not spatially resolved from each other in the common resolution cube. M1 and M2
are spectrally similar, however M4 and M5 show distinct spectral components. The
CH3 OH line is very close to the edge of one of our spectral sub-bands. There are small
(3.5 km s 1 ) gaps between each sub-band where the data collected is untrustworthy,
thus the channel corresponding to 160 km s

1

is lost. We next fit single component

Gaussians where appropriate. The extracted properties of the lines are shown in
Table 2.6. The region M5 was fit with two Gaussians due to the double peak. The
spectral features are narrower than the NH3 (this paper) and

12

CO(J = 1 ! 0)

features (Bolatto et al., 2013) from the same locations, with measured FWHMs
spanning a range of 30 80 km s 1 . The narrower widths suggest that the 36 GHz
CH3 OH emission is not tracing the entirety of the molecular gas.

2 The

Australia Telescope Compact Array is part of the Australia Telescope, which is
funded by the Commonwealth of Australia for operation as a National Facility managed
by CSIRO.
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RA(J2000)
hh:mm:ss

Dec(J2000)
0

00

Velocity Component

R

Sdv

(K km s

VLSRK
1)

( km s

VF W HM
1)

( km s

1)

Tmb

Luminosity

(K)

L

M1
00:47:34.1

-25 17 11.7

53.7±2.7
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202.0±0.3

49.2±3.1

1.0±0.2

0.63

195.4±0.8

32.2±2.3

1.6±0.2

0.65

165.9±1.7

85.8±4.4

1.5±0.3

1.63

M2
00:47:33.9

-25 17 10.8

54.9±2.7
M3

00:47:33.7

-25 17 13.1

139.7±5.4
M4
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Table 2.6. NGC 253 CH3 OH Maser Candidates
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Table 2.6 (cont’d)

RA(J2000)
hh:mm:ss

50

00:47:31.9

Dec(J2000)
0

Velocity Component

00

R

Sdv

(K km s

-25 17 28.9

VLSRK
1)

120.2±7.0

( km s

VF W HM
1)

( km s

1)

Tmb

Luminosity

(K)

L

294.1±2.6

84.3±5.6

1.4±0.2

1.42

M5
00:47:32.0

-25 17 25.7

a

85.2±34.6

294.3±3.0

35.7±4.8

2.2±0.2

1.01

b

90.7±37.3

331.6±10.2

54.5±16.9

1.6±0.2

1.06
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2.5

Discussion

2.5.1

NH3 Temperatures

One advantage of observing NH3 is that many of its transitions are close in frequency
space, and therefore can be observed with single telescope, a single observational
setup, and under the same atmospheric conditions. In addition, the < 5% change
in frequency between the transitions means that their respective (u, v) coverage and
the flux they resolve out are nearly identical. Rotational temperatures can then be
derived from as many pairs of metastable (J = K) states as have been observed.
Assuming optically thin conditions upper level column densities may be determined
from:
7.73 ⇥ 1013 J(J + 1)
Nu (J, K) =
⌫
K2

Z

Tmb dv

(2.1)

where Tmb is the main beam brightness temperature, the column density of the
upper inversion state, Nu , is in cm 2 , and the frequency (⌫) is in GHz. A rotational
temperature (TJJ 0 ) is derived from a pair of the metastable states (J and J0 ) by:
0
⇣
gop
(2J 0 + 1)
Nu (J 0 , J 0 )
E⌘
=
exp
Nu (J, J)
gop (2J + 1)
TJJ 0

where the di↵erence in energy between states J and J0 ,

(2.2)
E, is in K (the corrected

version of the equation in Henkel et al., 2000 as shown in Ott et al., 2005) and
the gop are statistical weights depending on the NH3 species (gop = 1 for para-NH3
and J6= 3n where n is an integer, and gop = 2 for ortho-NH3 with J=3n). Rotational
temperatures derived from pairs of NH3 transitions, for locations A1 to A7 are shown
in Table 2.2. The rotational temperatures are best illustrated in the Boltzmann
diagram shown in Figure 2.13 (top). We have plotted column densities normalized
by the degeneracy of the inversion doublet on the vertical axis and energy above the
ground state on the horizontal axis. The slopes between any two points are thus

51

Chapter 2. NGC 253
proportional to the inverse rotational temperature, i.e. cold gas shows steeper slopes
than warm gas (Equation 3.2). Notice at location C1 we see NH3 in absorption
against the continuum (Figure 2.6) and thus the rotational temperature must be
measured di↵erently (see next paragraph). A3 is located ⇠ 0.5 beams (53 pc) from
C1, thus the emission line is likely partially absorbed, making rotational temperature
measurements here unreliable.
Measuring rotational temperatures from NH3 absorption is not possible without
knowing the excitation temperature Tex and the optical depth ⌧ . Huettemeister et
al. (1995) describes the process of extracting total NH3 column densities N(J,K) (the
sum of both the upper and lower inversion states):
N (J, K)
J(J + 1)
= 1.61 ⇥ 1014
⌧ ⌫1/2
Tex
K 2⌫

(2.3)

and,
⌧=

ln(1

where the units of

|TL |
)
TC

(2.4)

⌫1/2 (FWHM) are km s 1 , TL and TC are brightness tempera-

tures of the line and continuum, respectively, and ⌧ is the optical depth. We have
no means to measure the transition-dependent excitation temperature, so for simplicity we assume that for each metastable transition Tex is equal. In this case the
rotational temperature can still be derived from Equation 2.2 by substituting N(J,K)
for Nu (J,K). Rotational temperatures for C1 are shown in Table 2.3. Since the column density at C1 depends on the excitation temperature, the values plotted for
C1 in Figure 2.13 are really N(J,K)/Tex . The spatial dependence of the rotational
temperature is shown in Figure 2.13 (bottom).
The rotational temperature is not necessarily the true thermal temperature of
the gas, i.e. it is not the kinetic temperature, but rather a lower limit. We therefore
employ the functions from Ott et al. (2011) to estimate kinetic temperatures. To
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convert rotational temperatures for the NH3 (2,2) to (4,4) ratio additional fits to the
same LVG models used in Ott et al. (2011) from Ott et al. (2005) were made:
8
>
<1.467 ⇥ T24 6.984
for TKin . 100K
TKin =
(2.5)
>
:27.085 ⇥ exp(0.019 T24 ) for TKin & 100K
and for the NH3 (4,4) to (5,5) ratio:
8
>
<1.143 ⇥ T45 1.611
for TKin . 50K
TKin =
>
:21.024 ⇥ exp(0.0198 T45 ) for TKin & 50K

(2.6)

Figure 2.12 shows how the conversion functions fit to the LVG models. We thus derive
kinetic temperatures for adjacent pairs of like species for a total of 3 measurements
at each location (Table 2.2).
If the gas is dominated by a single kinetic temperature, all the rotational temperatures should yield that temperature. In the case that the rotational temperatures
do not, either the gas must be represented by multiple kinetic temperatures, or the
LVG approximation does not hold. The LVG corrected kinetic temperatures are
plotted in Figure 2.14. The figures show remarkably little variance in the rotation
and kinetic temperatures measured across all locations. We have fit a single temperature for each line pair across all locations weighted by the errors. We measure
a weighted average for TKin12 of 57 ± 4 K, for TKin24 of 134 ± 8 K , and for TKin45
of 117 ± 16 K. The TKin24 and TKin45 components are consistent within the errors.
The kinetic temperatures of the dense molecular gas in the central kpc of NGC 253
is therefore most consistent with a cool ⇠57 K derived from the (1,1) and (2,2) lines,
and a warm ⇠130 K component derived from the weighted average of the (2,2) to
(4,4) and (4,4) to (5,5) ratios.
The NH3 transitions of NGC 253 have been of interest to many others, but most
recently have been observed with the Australia Telescope Compact Array (ATCA)
(Ott et al., 2005), the VLA (Takano et al., 2005), and the Green Bank Telescope
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Figure 2.12 The solid lines represent the relationship between the kinetic temperature and the rotational temperature. The dashed lines show the fits to the models
represented by equations 2.5 and 2.6, and equation 6 from Ott et al. (2011)

(GBT) (Mangum et al., 2013). Using interferometric observations of the bar, Ott
et al. (2005) measure rotational temperatures T12 ⇠42 K, and Takano et al. (2005)
measure T12 ⇠26 K . The lower temperature measured in Takano et al. (2005) is
likely due to a low signal to noise ratio for the NH3 (2,2) line. Unlike what Ott
et al. (2005) found, we see that a single temperature does not describe the dense
molecular gas in NGC 253. Ott et al. (2005) observe the (1,1), (2,2), (3,3), and (6,6)
lines, while our analysis, that includes the NH3 (4,4) and (5,5) lines, clearly indicates
a warm component not observed by Takano et al. (2005) and a cooler component
not observed by Ott et al. (2005). The study by Mangum et al. (2013) indicates
that there is a warm component to the dense molecular gas in NGC 253 as their
analysis includes the NH3 (4,4) line, however it is limited by the 3000 beam of the
GBT. This limits their analysis to the NW and SE velocity components, measuring

54

Chapter 2. NGC 253
Tkin24 of 73±22 K and <150 K, respectively. It is possible that these measurements
are a↵ected by absorption in the center of NGC 253, or that they are sensitive to
a more di↵use component of the molecular gas. On average they measure a kinetic
temperature of 78±22 K from the NH3 (J,K4) transitions for the whole galaxy,
which is broadly consistent with the results presented in this paper. Modeling of the
CO ladder from J=4-3 to J=13-12 from Rosenberg et al. (2014) yields similar results.
They find evidence for three temperature and density components for the molecular
ISM ranging from 60 K to 110 K and 103.5 cm

3

to 105.5 cm 3 , respectively. Their

observations from the Herschel Space Observatory have a resolution of 32.500 . Our
NH3 analysis does not reveal any information about the density of the molecular gas.
Therefore our results are only broadly consistent in terms of temperature analysis.
The spatially uniform distribution of temperatures is perhaps surprising due to
the concentration of supernova remnants in the central 500 pc (Ulvestad & Antonucci,
1997). We would expect that if heating by supernovae were a dominant e↵ect in
setting the state of a GMC, then an increase in temperature towards the center of
the bar would be observed as the density of supernovae increases towards the center
of NGC 253. This may not be true during the bulk of a GMC’s lifetime: simulations
by Murray et al. (2010) suggest that supernovae may only contribute to heating late
in the GMC’s life after much of the GMC has already been disrupted by jets and
radiation pressure from stars. Heating may also not be observed because supernovae
might dissociate NH3 molecules altogether in the region of greatest energy input.

2.5.2

LVG fitting with RADEX

To further investigate the need for multiple temperatures, we attempt to fit the data
with Large Velocity Gradient (LVG) models directly. We do this to compare with
the approximation to the LVG correction in section 2.5.1. We use RADEX (van der
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Tak et al., 2007) with collisional coefficients from the LAMBDA database (Schöier
et al., 2005). RADEX was not used by Ott et al. (2005) and Ott et al. (2011),
however it does make use of some of the same collisional coefficients. The collisional
coefficients from the LAMBDA database cover temperatures up to 300K, thus the
kinetic temperature axis of the grid spans 0-300 K in steps of 3 K. The collider (H2 )
volume density and NH3 column density axes of the grid are logarithmically sampled
respectively from 102 -106 cm

3

, and from 1013 and 1017 cm

2

with 100 steps each.

In the LVG approximation the ratio N/ v is the independent variable, however in
RADEX the column density and line width are specified separately. We specify a
line width calculated from the weighted mean of 74 km s

1

from all the para species

of NH3 in Table 2.2.
The fits were carried out for each ratio of adjacent J=K para-NH3 species. The
results are tabulated in Table 2.7 and qualitatively displayed in Figure 2.15. In the
figure the median fitted temperature is drawn with a dashed line between the 1
confidence contours. The errors are calculated from the rms of the median fit for
values above a critical density of ⇠ 103 Cheung et al. (1968). Below this density
there is a slight upturn to the temperature parameter suggesting that high-T and
low-n may excite ammonia at relatively low densities. This high-T low-n condition is
unlikely as many higher critical density gas tracers have been observed with similar
structure in the nucleus of NGC 253 Meier et al. (2015). The H2 density is not well
constrained, with error bars that span the entirety of the sampled parameter space,
consistent with NH3 not being a density probe. Generally, the fits are well behaved
with the exception of the (4,4) to (5,5) ratio (not shown), for which the best fit
solutions are poorly constrained and tend towards the edge of the temperature axis
with values of ⇠300 K. It is possible that there is a component that is hotter than
our temperature range allows, but we cannot provide any meaningful estimates from
the fitting. In contrast to the (4,4) to (5,5) ratio, the (1,1) to (2,2) and (2,2) to (4,4)
ratios are well behaved. The solutions cover two regions of parameter space indicating
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Table 2.7. NGC 253 NH3 LVG Best Fit Values

Location

A1

A2

A3

A4

A5

A6

A7

81±41

72± 27

57± 18

165±48

108±24

162±42

NH3 (1,1)/NH3 (2,2)
TKin (K)

117 ±135

69±24

54±27

69±24

NH3 (2,2)/NH3 (4,4)
TKin (K)

111±24

156±39

165±75

150±33

Note. — This table reports the median temperatures of the best fit LVG model to
the data. The uncertainty on the kinetic temperature fit are asymmetric, therefore
uncertainty reported here is the greater 1 deviation from the best fit.

a warm and cool component (Table 2.7). The spatial distribution of temperatures is
mostly uniform for the cool component, derived from line ratios NH3 (1,1)/NH3 (2,2),
with an average temperature of 74±12 K, and likewise for the warm component,
derived from the NH3 (2,2)/NH3 (4,4) ratio, with and average temperature of 145±14
K. This is broadly consistent with the analysis in §2.5.1.

2.5.3

Nature of the 36 GHz CH3 OH masers

The nature of the 36 GHz methanol masers appears di↵erent from what we understand of their Galactic counterparts. Yusef-Zadeh et al. (2013) performed a CH3 OH
maser survey of the inner 160 x 43 pc of the Galaxy. We will use their study as
a template to address CH3 OH emission in NGC 253. The CH3 OH line widths in
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NGC 253 span tens of km s

1

whereas individual Galactic CH3 OH masers tend to

span a few km s 1 . The NGC 253 36 GHz line is spectrally resolved and multiple
components can be fitted (see Table 2.6). The maser with the largest flux found by
Yusef-Zadeh et al. (2013) (number 164) is ⇠ 470 Jy km s 1 , which corresponds to an
isotropic luminosity, assuming a distance of 8 kpc, of 1.1 ⇥ 10

3

L . By comparison

the most luminous CH3 OH maser in NGC 253 is 1.63 L . This would mean that
the beam averaged class I CH3 OH masers in NGC 253 are about a thousand times
more luminous than the most luminous CH3 OH maser found by Yusef-Zadeh et al.
(2013). Alternatively, there may be thousands of bright masers at similar velocities
in one 600 ⇥400 beam. Surveys of Class I methanol masers in supernova remnants (e.g
McEwen et al., 2014 and McEwen et al., 2016) have revealed spectrally similar results
to Yusef-Zadeh et al. (2013) with narrow spectral features spanning a few km s 1 .
At our spatial resolution of 101 ⇥ 67 pc the CH3 OH emission is not well resolved, and
the entirety of the Yusef-Zadeh et al. (2013) survey corresponds approximately to
the size of one of our beams. Since there are > 300 sources in a similar region of the
Galaxy, and the NGC 253 spectra show multiple velocity components, it is possible
that there are many components at each location.The broad spectral profile could
be constructed from many masers from protostellar outflows or supernova remnants.

2.5.4

Impact of Superbubbles on the Dense Molecular ISM

Sakamoto et al. (2006) find two superbubbles in NGC 253 in 12 CO(J = 2 ! 1) emission. The shells are ⇠ 100 pc in diameter, have masses of order 106 M

and kinetic

energies of order 1046 J, suggesting winds and supernovae from a super star cluster,
or a hypernova, as the creation mechanism. Close to the location where these superbubbles interact with dense molecular gas, as traced by NH3 , we observe CH3 OH
masers. Figure 2.16 shows 12 CO(J = 1 ! 0) channel maps of the superbubbles with
CH3 OH contours overlaid. There are two groups of masers. The first is on the north-
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east side of the galaxy and consists of M1, M2 and M3. The other group consists of
M4 and M5 on the southwest side (Figure 2.5). All the CH3 OH masers except M3
can be associated with the Sakamoto superbubbles. The association indicates that
these masers exist where clouds are influenced by the expanding superbubbles. This
relationship is also indicated by larger NH3 linewidths at the locations A1, A5, and
A6, which are nearest the masers and the superbubbles.

The larger observed linewidths are not likely a result of more turbulence within
the clouds. A comparison with the GMCs from Leroy et al. (2015) suggests that the
broader observed line widths in our data are likely a result of beam smearing e↵ects.
With a 200 beam Leroy et al. (2015) are able to resolve individual clouds. Their
clouds are clearly dominated by turbulence, as in all cases the thermal linewidth
is < 1 km s

1

as calculated from our NH3 derived temperatures. Using an average

temperature of 117 K derived from our NH3 analysis, the mean thermal energy stored
in the Leroy et al. (2015) clouds is ⇠ 5⇥1043 J, whereas the mechanical energy stored,

as derived from turbulent linewidths, is ⇠ 1 ⇥ 1046 J. The turbulent linewidths of
individual GMCs detected in Leroy et al. (2015) appear una↵ected by the impact
of the expanding superbubbles, and in fact appear uniform across the entire central
molecular bar (Figure 2.18). The larger NH3 linewidths observed with a larger beam
suggest instead that the superbubbles are imparting mechanical energy resulting in
bulk translational motion of the GMCs.

The relationship of the clouds to the masers is shown by Figure 2.17, which plots
kinetic temperatures Tkin12 and Tkin24 derived from NH3 against the mean FWHM of
the NH3 transitions. The figure shows little temperature variation toward the shocks
traced by CH3 OH. If there is shock heating of the dense molecular gas it must be
highly localized to areas much smaller than the beam such that it does not a↵ect the
overall kinetic temperature measured with ⇠100 pc spatial resolution.
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2.5.5

The Outflow, Masers, and Starburst

NH3 (3,3) masers

The location of the continuum peak (C1) is also the locus of the starburst and the
central base of the molecular and ionized bipolar outflow. Here the para-NH3 lines
are not observed in emission, however the ortho-NH3 (3,3) line is. We did not detect
any other ortho species of NH3 at this location to compare with, however Ott et al.
(2005) did observe the ortho (6,6) species to be in absorption at our location C1.
Since NH3 (3,3) is the only ortho-NH3 species observed in emission at this location, we
corroborate the interpretation from Ott et al. (2005) that the NH3 (3,3) line is masing
here. The spectral line (Figure 2.6) could not be fit with a single Gaussian, but rather
two Gaussians centered at 172 km s

1

and 257 km s

1

with widths of 55 km s

1

and

130 km s 1 , respectively NH3 (3,3)a and NH3 (3,3)b (see Figure 2.10). The existence
of the NH3 (3,3) maser suggests that the collision rate in the center of NGC 253
increases or there exists an excess of infrared photons in the center in order to pump
this maser. Currently, there is one other known extragalactic source of NH3 (3,3)
masers apart from NGC 253: the Seyfert galaxy NGC 3079 (Miyamoto et al., 2015).
Both galaxies host outflows, but NGC 3079 is host to an active galactic nucleus
(AGN). It hosts a star formation rate of 2.6 M yr

1

over 4 kpc (Yamagishi et al.,

2010) measured from 1-1000µm emission. Attribution to an AGN driven wind might
be favored because the starburst is weak. Since the mechanism driving the outflows
in these galaxies is di↵erent, we hypothesize that in both cases it is the collision
of the hot ionized outflow cone with the surrounding material that results in the
NH3 (3,3) masers.
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H2 O masers

The H2 O masers are located within the centermost 200 pc. Being at the center
of the starburst it is likely that all these masers are star formation related due to
bright H↵and IR emission in the central 500pc. Brunthaler et al. (2009) investigated
this location with the VLBA and inferred a pure starburst nature of the masers due
to their similarity to Galactic H2 O masers and spatial coincidence with supernova
remnants. Our data, while much lower in resolution, indicate that W1 may be
extended perpendicular to the disk and aligned with the bipolar ionized gas outflow
(Figure 2.11). The spectrum shows evidence of multiple components (Figure 2.8).
W2 contains many individual components within a velocity space ⇠100 km s

1

wide

centered at systemic velocity and includes contributions from W1 and W3. W3 is a
single component maser located to the southwest of the nucleus.
W3 is the simplest H2 O maser to explain. It is cospatial with an H II region seen
in Figure 2.4 and has a narrow spectrum. It is likely associated with a massive star
or stars in that region. Its isotropic luminosity of 2 ⇥ 10
luminosities of the most luminous (⇠ 10

2

2

L

is consistent with

L ) YSO H2 O masers in the Galaxy (e.g

Palagi et al., 1993).
The H2 O maser W1 is the clear oddity in NGC 253. W1 is most clearly seen
in the super-resolved image Figure 2.11. There are three components with observed
velocities in the range 25-109 km s 1 , while the systemic velocity of the galaxy is
234 km s 1 . The W1 maser emission does not follow the kinematics of the dense
molecular ISM (Figure 2.8). The most luminous and broad component is centered at
109 km s 1 . According to Brunthaler et al. (2009) this maser emission is associated
with supernova remnant TH4 (Turner & Ho, 1985 and Ulvestad & Antonucci, 1997).
However, because of the extreme conditions under which H2 O is known to mase, in
addition to the locations and velocities, and because no H2 O masers are found in
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Milky Way supernova remnants (Claussen et al., 1999 and Caswell et al., 2011), we
hypothesize that these masers are tracing shocks in entrained material in the bipolar
outflow.
We consider three possibilities for the origin of the W1 and W2 masers. First,
Figure 11 in Strickland et al. (2002) show possible anatomies of starburst driven
outflows in NGC 253. We show this figure in Chapter 4 (Figure 4.1). In this picture
the W1 H2 O masers likely trace dense gas clumps closest to the starburst center or
shocked dense gas entrained in the outflow (Panels (b) and (c) in Figure 4.1). The
observed velocities are consistent with the Strickland model predictions for outflow
velocities of order 100 km s 1 . A model of a conical outflow developed by analyzing
optical integral field unit data in Westmoquette et al. (2011) presents a more direct
view of the outflow in NGC 253. Their data show that the ionized gas associated
with the base of the outflow is blueshifted ⇠100±50 km s

1

with respect to systemic.

This is a good match to the observed velocities of W1a to W1c suggesting that there
are shocks related to the outflow. The origin of the shocks remains unknown as we
do not see a spatial separation of W1a, b and c, even in the super-resolved image
cube. We hypothesize that they may be shocks in entrained material in the outflow,
or collisions with dense gas that funnels the outflow out of the galactic plane. In
this picture W2 does not have observed velocities that match either the Strickland
et al. (2002) or Westmoquette et al. (2011) models of the outflow. The velocity
center of W2 matches the systemic velocity of NGC 253, suggesting that it may
exist in a molecular torus about the center. The velocities of the NH3 (3,3) masers
and the

12

CO(J = 1 ! 0) spectrum from the same location are similar (Figure

2.8). In the Strickland models the NH3 (3,3) and W2 H2 O masers would exist where
the outflow impacts the unperturbed disk triggering star formation. The W2 H2 O
narrow components are likely generated by YSOs in the nuclear starburst, and the
NH3 masers are likely star forming sites like that of DR 21 (Wilson & Mauersberger,
1990) or W51 (Goddi et al., 2015) in the Galaxy.
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The second possibility is that, while the W1 masers still originate in the outflow,
the W2 masers do not trace a molecular torus, but rather their velocity extent is
due to a two-sided outflow (Pannels (b) and (c) of Figure 4.1 but flipped to show
the receding outflow). Here the portion of W2 redshifted with respect to systemic
is tracing the receding side of the outflow. However, the receding side is not as
well understood because it is obscured by dust and tipped away from the observer,
making optical and soft X-ray observations difficult. Westmoquette et al. (2011) find
it impossible to model the receding outflow cone, and the analysis from Strickland
et al. (2002) is focused on kpc scales. Therefore current evidence for the receding
outflow is limited to hundreds of pc displacement from the disk. As H2 O masers are
una↵ected by dust obscuration, this picture implies fewer shocked regions as traced
by H2 O on the receding side of the outflow, or that other masers in the receding
outflow are unobserved due to line of sight e↵ects. In this case the W1 masers would
exist as in the first picture.
Lastly, it is possible that the W1 H2 O masers are not related to the outflow at all,
leaving us with the difficulty of explaining their velocities (Panel (a) in Figure 4.1).
Brunthaler et al. (2009) noticed that W1 is cospatial with the supernova remnant
TH4. The W2 masers in this case would likely be gas in the molecular torus as in the
first picture or associated with known supernova remnants at their location. With
an rms of 12 mJy it is unlikely that Brunthaler et al. (2009) would have seen the
fainter masers comprising W2. Our spatial resolution makes this problem difficult
to solve, thus deeper high-resolution observations are necessary.

2.5.6

Millimeter Molecular Lines

In order to reveal the underlying properties responsible for the observed temperatures
and masers, we compare with images of several molecular species from Meier et al.
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(2015) who observed NGC 253 with ALMA in the millimeter range.We have chosen
five molecules that trace PDRs (113.40 GHz CN(1-0;1/2-1/2); Rodriguez-Franco et
al., 1998), intermediate densities (89.18 GHz HCO+ (1-0))found in both di↵use and
dense clouds (Turner, 1995), gas densities greater than 3⇥104 cm

3

(88.63 GHz HCN

(1-0) Gao & Solomon, 2004), weak shocks (89.92 GHz HNCO (40,4

30,3 ) Meier &

Turner, 2005), and strong shocks (86.84 GHz SiO (2-1; ⌫ = 0) Garcı́a-Burillo et
al., 2000). The largest spatial scale sampled by Meier et al. (2015) is 1800 . They
compare the ALMA interferometric maps with single dish observations and find that
50% 100% of the total flux is recovered, depending on the molecular tracer. The
largest spatial scale of the VLA D configuration at K band of 6600 thus we expect less
flux to be resolved out by the VLA than for ALMA. The maximum uncertainty of the
VLA to ALMA line ratios could consequently be increased by a factor of two. The
resolution of the ALMA cubes is ⇠200 ⇥200 . The HCN map, with NH3 (3,3) contours in
white, is shown in Figure 2.19. Both molecular morphologies are well correlated. This
suggests that these molecules are tracing similar environments We show the PDR
and dense gas tracers, CN and HCO+ , with NH3 (3,3) contours overlaid (Figure 2.20
top). Like HCN, CN and HCO+ trace similar regions as NH3 .
For the shock tracers, HNCO and SiO, we have overplotted the naturally-weighted
non-smoothed 36 GHz CH3 OH contours (Figure 2.20 bottom). The CH3 OH masers
are well correlated with HNCO and SiO at the sites of the Sakamoto et al. (2006)
superbubbles, however the centermost 200pc remains bright in SiO whereas HNCO
dims (Meier et al., 2015). The CH3 OH masers appear much better correlated with
HNCO than SiO. We take the dominant source of error in the individual molecular
maps to be the 10% estimate in the absolute flux density calibration. To estimate
relative intensities the individual ALMA maps were smoothed to the common resolution of 600 ⇥400 to match our VLA data. We then normalized these maps by the
HCN map. Line ratios were then measured at locations A1-A7 and C1. The line
ratios are shown in Figure 2.21 plotted in black with the TKin12 shown in red and
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TKin24 shown in blue.
The cold and warm temperature components of the molecular gas do not correlate
well with PDR tracers (CN), intermediate densities (HCO+ ), weak shocks (HNCO),
or strong shocks (SiO). We interpret the plots in Figure 2.21 to mean that none
of the selected processes relate to the heating and cooling of the dense molecular
ISM on 100 pc scales in NGC 253. This possibly means that cosmic rays are the
dominant source of heating in the center of NGC253, or that the dominant heating
source destroys NH3 molecules and we are only sensitive to less impacted molecular
gas.
At the same time, we measure a relative decrement of HNCO in the center compared to the locations with 36 GHz CH3 OH masers and the expanding Sakamoto et
al. (2011) superbubbles.In the case of NGC 253 Meier et al. (2015) argue that the
relative decrement of HNCO is a consequence of dissociation in the PDR dominated
center. The lack of methanol masers on the eastern side of the west superbubble
is consistent with dissociation closer to the center. It is interesting that the nonthermal 36 GHz CH3 OH correlates with the HNCO. A similar tight correlation has
been observed between HNCO and thermal CH3 OH in nuclei (e.g., Meier & Turner,
2005, Meier & Turner, 2012). This is further evidence that that the 36 GHz CH3 OH
is tracing similar shocked regions. SiO is also enhanced near the superbubbles. However SiO is more uniformly distributed in the central 300 pc of NGC 253 where we
did not observe any 36 GHz CH3 OH masers suggesting that the 36 GHz CH3 OH
maser is more closely related to weak shocks than strong shocks. Position velocity
(PV) cuts were made through the eastern and western groups of masers. Figure
2.22 shows the PV cuts through the HCN cube with the naturally weighted 36 GHz
methanol contours in black. The HCN cube reveals a few shell-like structures. The
methanol masers are well correlated with the edges of the shells strengthening the
connection between the shocks and the dense molecular gas.
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Figure 2.13 Top: Boltzmann diagram of the observed NH3 transitions. We plot the
log of the normalized Nu for each metastable line and location. The black points
represent C1 are the log of the normalized N/Tex and have been scaled by a constant
0.85 preserving the proportionality of Trot . The error bars are plotted along the
bottom and are the unweighted average of the individual metastable states from
each location. Bottom: rotational temperatures derived from metastable line pairs.
Error bars are measured from the minimum and maximum column densities of an
individual line. The horizontal bars represent single temperature fits to the data.
The height of the bar represents the 1 uncertainty. The position shown is relative
to the continuum peak C1.
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Figure 2.14 Estimated kinetic temperatures after applying the LVG correction from
Ott et al. (2005). The horizontal bars represent single temperature fits to individual
line pairs with the height representing the 1 uncertainty. We see the need for a two
temperature description of the molecular ISM. The derived temperatures from the
J, K= 2,4 and 4,5 ratios are consistent with a ⇠130 K temperature component and
the J,K=1,2 ratio measures a ⇠57 K component.
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Figure 2.15 Best fits of the LVG models to the data. The blue hatched region
represents the NH3 J=1,2 ratio, and the red region NH3 J=2,4. The shaded areas
represent the 1 errors in the fit. The horizontal dashed line represents the the
median temperature fit for densities exceeding the critical density of NH3 of 103
(vertical line)
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Figure 2.16 Channel maps of the regions containing the superbubbles found by
Sakamoto et al. (2006). The centers of the bubbles are marked with a plus sign. The
top block shows the eastern superbubble (RA: 00h 47m 34.64s , DEC: 25 170 09.500 ).
The bottom block shows the western superbubble (RA: 00h 47m 32.53s , DEC
25 170 24.000 ). Each box is 1800 ⇥1800 (306 pc ⇥ 306 pc). The black circle shows
the diameter of the superbubbles measured by Sakamoto et al. (2006). The gray
scale image shown is 12 CO(J = 1 ! 0) emission from Bolatto et al. (2013). The 1,
2, 3, and 5 ⇥ 4.5 mJy beam 1 contours of CH3 OH are shown and the velocity in
km s 1 is shown in the top right of each panel.
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Figure 2.17 Plots of the average FWHM vs. derived kinetic temperatures from pairs
of the NH3 J=1,2 (top) and J=2,4 (bottom) lines.
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Figure 2.18 The measured FWHM as a function of o↵set from the continuum peak C1.
The circles represent the FWHM of 12 CO(J = 1 ! 0) from Leroy et al. (2015) and the
triangles represent the NH3 (1,1) FWHM. The areas of the expanding superbubbles
are shaded grey.

Figure 2.19 HCN map from Meier et al. (2015) in greyscale with NH3 (3,3) 3, 6, 9,
15, and 24 ⇥ 4.8 K km s 1 contours.
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Figure 2.20 The top row shows the PDR tracer CN(left) and intermediate density
tracer HCO+ (right) (Meier et al., 2015) with 3, 6, 9, 15, and 24 contours of NH3 .
The bottom row shows shock tracers HNCO and SiO (Meier et al., 2015) with 3, 6,
9, 15, and 24 contours of CH3 OH.
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Figure 2.21 Intensities, measured in Tmb , of molecular tracers relative to HCN from
the A1-A7 and C1 locations (right axis; dashed lines with black squares). The
positions shown are relative to the continuum peak C1(bottom axis). The top row
shows the PDR tracer CN (left) and intermediate density tracer HCO+ (right) and
the bottom row shows weak shock tracer HNCO (left) and strong shock tracer SiO
(right). The red triangles and blue inverted triangles with lines are the warm and cool
components of the kinetic temperatures (left axis) we derive from NH3 , respectively.
The grey bars represent the diameter and locations of the superbubbles in Sakamoto
et al. (2006).
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Figure 2.22 Position-Velocity (PV) cuts through the HCN (grayscale) and 36 GHz
methanol maser (3, 6, and 9 contours shown in black) data cubes. The PV cuts
show a few shell-like structures marked with black circles. The methanol masers
appear to be concentrated around the edges of the shells.
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2.6

Summary

We have provided analysis of VLA observations of the dense gas and masers associated with the nuclear starburst in NGC 253. We conclude the following:
1. We have detected NH3 (1,1), (2,2), (3,3), (4,4), and (5,5) in the central kpc of
NGC 253. NH3 (9,9) is detected in only one location. No NH3 is observed in
the molecular outflow.
2. We find the molecular gas in NGC 253 to be best described by a spatially
uniform two kinetic temperature model with a warm 130 K component and a
cool 57 K component. The continuum peak (C1) may indeed be hotter as it is
closer to the starburst, but absorption of the metastable para-NH3 lines make
temperature measurements less accurate. Direct LVG analysis corroborates
a two temperature model of NGC 253, though with a cool component of 74
K and a warm component of 145 K. The LVG analysis does hint at a hotter
component greater than 300 K as traced by the NH3 (4,4) and NH3 (5,5) ratio.
The temperature distribution is not well correlated with PDRs, weak shocks,
or strong shocks, and is constant over the central kpc.
3. We confirm the result from Ott et al. (2005) suggesting that there exist NH3
(3,3) masers in the nucleus of NGC 253. There is currently only one other
known source of extragalactic NH3 (3,3) masers, NGC 3079 (Miyamoto et al.,
2015). Both galaxies host outflows, but in NGC 253 the outflow is driven by a
starburst whereas in NGC 3079 it is likely driven by an AGN.
4. Expanding superbubbles do not appear to heat the gas in NGC 253. A comparison with the results from Leroy et al. (2015) shows that the linewidths are
dominated by turbulent motions within a GMC. The large NH3 linewidths are
likely due to the bulk motion of the GMCs.
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5. Three H2 O maser features have been observed. The H2 O maser W1 is coincident with the continuum peak. We show indications emission is extended
along the minor axis of the galaxy, the spectrum suggests multiple components
and the velocities are more similar to the outflow than the disk. It is likely
that this maser is related to the bipolar outflow of ionized gas, though other
explanations are possible. High resolution followup observations are needed to
confirm a relationship with the bipolar outflow.

W2 is located to the southwest of W1 and shows multiple spectrally unresolved
masers with velocities centered about systemic, suggesting these masers exist
in a circumnuclear torus. It is also possible that W2 may in part trace the
receding side of the outflow. W3 is unresolved and located to the southwest of
W1 and W2. Its progenitor is likely a massive star.

6. We detect five regions with 36 GHz CH3 OH masers at the outside edge of the
central kpc as traced by NH3 . The spatial proximity and velocities suggest a
relationship with known superbubbles. Position velocity cuts show that all the
36 GHz methanol masers may be related to shell-like features. The 36 GHz
CH3 OH morphology and HNCO are similar. This similarity suggests that both
HNCO and 36 GHz methanol masers are tracing similar conditions.

Our analysis reveals the properties of the dense molecular ISM in along the central
kpc of NGC 253 using centimeter and millimeter emission and absorption lines. We
have uncovered relationships with the bipolar outflow, expanding molecular bubbles,
and the nuclear starburst.
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Chapter 3
NH3 Thermometry, H2O and
CH3OH in IC 342, NGC 6946 and
NGC 2146

3.1

Overview

The Survey of Water and Ammonia in Nearby galaxies (SWAN) studies atomic and
molecular species across the nuclei four star forming galaxies: NGC 253, IC 342,
NGC 6946, and NGC 2146. As part of this survey, we present Karl G. Jansky Very
Large Array (VLA) molecular line observations of three galaxies: IC 342, NGC 6946
and NGC 2146. We will compare these observations with NGC 253 from Chapter 2.
These galaxies were chosen to span an order of magnitude in star formation rates and
to select a variety of galaxy types. We target the metastable transitions of ammonia
NH3 (1,1) to (5,5), the 22 GHz water (H2 O) (616
methanol (CH3 OH) (4

1

523 ) maser, and the 36.1 GHz

30 ) maser. We show evidence for uniform heating across

the central kpc of IC 342 with two temperature components for the molecular gas
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of 27 K and 308 K, and that the dense molecular gas in NGC 2146 has Tkin <86 K.
We identify two new water masers in IC 342, and one new water maser in each of
NGC 6946 and NGC 2146. The two galaxies NGC 253 and NGC 2146, with the most
vigorous star formation, host H2 O kilomasers. Lastly, we detect the first 36 GHz
CH3 OH masers in IC 342 and NGC 6946. For the four external galaxies the total
luminosity in each galaxy suggests a correlation with galactic star formation rate,
whereas the morphology is similar to that of HNCO, a weak shock tracer.

3.2

Introduction

In evolutionary models of star forming galaxies, without feedback the ISM tends
to rapidly collapse and form stars in less than a dynamical time, while too much
feedback can completely disrupt giant molecular clouds (GMCs) (e.g., Kau↵mann
et al., 1999; Krumholz et al., 2011; Hopkins et al., 2011). Therefore it is necessary
to check the feedback prescription in cosmological simulations against observations.
Since star formation is largely correlated with dense molecular gas (Gao & Solomon,
2004), the e↵ect of feedback should, in part, influence the state of the dense molecular
ISM. Radio interferometric observations of nearby galaxies provide access to 10-100
pc scales that are related to GMCs.
Measurements of the NH3 metastable transitions provide for calculations of the
rotational temperature, and via Large Velocity Gradient (LVG) models it is possible
to estimate kinetic temperatures with reasonable precision (e.g., Ho & Townes, 1983,
Walmsley & Ungerechts, 1983, Lebrón et al., 2011, Ott et al., 2005, Ott et al., 2011,
Mangum et al., 2013, Chapter 2).
The 22 GHz H2 O masers are collisionally excited, typically coming from three environments. The stellar masers are associated with mass loss stages of Young Stellar
Objects (YSOs) and Asymptotic Giant Branch (AGB) stars and are the least lumi-
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nous (< 0.1 L e.g., Palagi et al., 1993). The strongest masers (>20 L ), classified as
megamasers, are typical of nuclear activity (e.g., Braatz et al., 1996). The kilomasers
are of intermediate luminosity between the stellar and megamasers, and are associated with strong star formation activity (Hagiwara et al., 2001). These could consist
of many stellar class masers, or be the low luminosity tail of the megamaser class,
then they are related to the supermassive black hole (Tarchi et al., 2011). These
masers we use as signposts of shocked material related to star formation.
The Class I, collisionally excited, 36 GHz CH3 OH masers are new in the extragalactic context. Before this work they had been detected outside the Milky Way
only in NGC 253 (Ellingsen et al., 2014 and Chapter 2 ) and Arp220 (Chen et al.,
2015), where they are three orders of magnitude more luminous than typical Galactic
counterparts.
In Chapter 2 we performed NH3 thermometry, and analyzed H2 O and 36 GHz
CH3 OH masers, in the central kpc of NGC 253 based on Karl G. Jansky Very Large
Array (VLA)1 observations. We detect the NH3 (1,1) to (5,5) lines, and the (9,9)
line. Using the same analysis we will use in this paper we uncovered a cool 57 K
component and a warm 130 K component uniformly distributed across the molecular
disk. There is no apparent correlation of temperature with tracers of dominant forms
of feedback (weak or strong shocks, and PDRs). Within the centermost 100 pc there
is evidence for NH3 (3,3) masers, similar to NGC 3079 (Miyamoto et al., 2015). The
strongest water maser in NGC 253 contains many components and shows evidence
for an extension along the minor axis. In addition to the maser’s strong blueshifted
velocity components, this suggests a relationship with the outflow. We resolve the
first detected extragalactic 36 GHz masers (Ellingsen et al., 2014) into five di↵erent
sources. The emission is concentrated around the edges of expanding superbubbles.
The morphology of the emission is similar to HNCO(40,4
1 The

30,3 ), a weak shock tracer

National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc.
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(Meier et al., 2015), suggesting the two molecules trace similar conditions.
In this chapter we will carry out a similar analysis across the other galaxies in
the SWAN sample (IC 342, NGC 6946, and NGC 2146). In §3.3 we describe the
observational setups, and the data reduction and imaging process. In §3.4 we report
our measurements of the NH3 , H2 O, and CH3 OH lines for each galaxy individually.
In §3.5 we discuss the analysis of the NH3 lines and derived temperatures for each
galaxy where possible; in addition we generate LVG models for IC 342. We also
discuss the H2 O and CH3 OH masers in each galaxy. In §3.6 we incorporate the
results from Chapter 2 and discuss the relevance of the survey as a whole. Finally,
in §3.7 we summarize our findings.

3.3

Observations and Data Reduction

IC 342 and NGC 6946 were observed with identical frequency setups of the Karl G.
Jansky Very Large Array (VLA) (project code: 10B-161). The correlator was setup
to cover frequency ranges 21.9-22.3 GHz, 23.6-23.7 GHz, and 24.1-24.5 GHz with
500 kHz wide channels (K-band receiver), and 26.8-27.9 GHz and 36.0-37.0 GHz with
1 MHz wide channels (Ka-band receiver). The galaxy NGC 6946 was observed with
two pointings with the same RA(J2000): 20h 35m 52.336s and di↵erent DEC(J2000):
+60 09’ 32.2100’ and +60 08’ 56.210”. The galaxy NGC 2146 was observed with
the same correlator setup as NGC 253 in Chapter 2 (project code: 13A-375), with
250 kHz channels, but was not observed in Ka-band. All three galaxies were observed
in the C configuration of the VLA. As in Chapter 2 we target the metastable NH3 lines
from J=K (1,1) to (5,5), the 22.2351 GHz H2 O(616 523 ) maser, and the 36.1693 GHz
CH3 OH(414

303 ) maser, though as NGC 2146 did not get observed in Ka-band, so

no analysis of the 36 GHz CH3 OH maser is presented for this galaxy.
We calibrated and imaged the data in the Common Astronomy Software Appli-
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cations (CASA) package version 4.6.0 (McMullin et al., 2007). For all three galaxies
J0319+4130 was observed as a bandpass calibrator. For the complex gain and flux
density calibrators we used J0304+6821 and J0542+4951 for IC 342, J2022+6136
and 3C48 for NGC 6946, and J6726+7911 and 3C147 for NGC 2146. Continuum
subtraction was performed in the (u, v) domain by selecting line free channels at
the edge of each sub-band to define the continuum model. Image cubes were made
with natural weighting, CLEANed to ⇠ 3 rms noise, primary beam corrected, and
smoothed to common spatial and spectral resolutions per galaxy. All velocities in
this chapter will be in the LSRK frame unless otherwise stated. For IC 342 the resulting round synthesized beams are 1.200 (19 pc) for H2 O and NH3 , and 1.000 (16 pc) for
CH3 OH. For NGC 6946 the beams are 1.500 (43 pc) for H2 O and NH3 , and 1.000 (29 pc)
for CH3 OH. These two galaxies were smoothed to a velocity resolution of 7 km s 1 .
The rms in the image cubes is 0.45 mJy beam
beam

1

channel

1

is 0.42 mJy beam

1

channel

1

for CH3 OH and 0.31 mJy

for H2 O and NH3 in IC 342. In the NGC 6946 image cubes the rms
1

channel

1

for CH3 OH and 0.30 mJy beam

1

channel

1

for H2 O

and NH3 . All image cubes for NGC 2146 were smoothed to a round 1.500 (111 pc)
beam and 4 km s

1

resolution, and the rms is 0.7 mJy beam

1

channel 1 . Peak flux

maps were made for all three galaxies in all the lines of interest. For a 100 beam at
22 GHz, 1 mJy beam

3.4

1

is 3 mK.

Results

We report the results from each galaxy separately in the sections below. Our analysis
will focus only on NH3 , H2 O, and CH3 OH lines, though the data contain other lines.
We identified the emission by spatial peaks in the spectral peak flux maps. We have
chosen a conservative detection threshold with a brightness of 20 mK km s 1 . NH3
emission was primarily identified using the NH3 (3,3) peak flux maps as NH3 (3,3) is
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usually the strongest line. We also search the NH3 (1,1) peak flux map for emission,
because being the lowest energy transition it is the easiest to excite.

3.4.1

IC 342

The central kpc of IC 342 consists of two molecular spiral arms that terminate in a
central molecular ring (Figure 3.1). There are six molecular clouds detected in CO:
A, B, C, D, D0 , and E (e.g., Downes et al., 1992, Meier et al., 2000, Meier & Turner,
2005) are all detected in NH3 in our observations. The northern arm consists of
the C, D, and D0 clouds spanning velocities from 44 km s

1

to 62 km s

1

and the

southern arm consists of the A, B, and E clouds spanning velocities from 13 km s

1

to 27 km s 1 . In some clouds we have observed substructure resulting in multiple
peaks in the NH3 (3,3) peak flux map (Figure 3.1). The NH3 spectra are shown in
Figure 3.2. We utilize the NH3 (3,3) line for identification because it is often the
strongest transition. In cases where we do not detect NH3 (3,3) we use the NH3 (1,1)
line. We do not detect the NH3 (5,5) line and not all metastable transitions J=K <
4 are detected in all locations. We have extracted spectra from each of these peaks
and fit single Gaussians to the spectra. We do not detect the hyperfine NH3 lines.
We continue the naming convention from Meier & Turner (2001). We do not detect
the E2 region from Meier et al. (2011) in NH3 , however we detect a few new peaks
in the A, C, D’, and E clouds. Their positions and extracted integrated flux, line
center, FWHM, and peak flux are tabulated in Table 3.1.
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Figure 3.1 Spitzer IRAC 8µm image of IC 342 from the Infrared Science Archive
(color) and 12 CO(J = 1 ! 0) 3, 5, 9, 15, 24, and 39 ⇥ 10 Jy beam 1 km s 1 contours
from Meier et al. (2000) (top left), H2 O peak flux map (top right), NH3 (3,3) peak
flux map with NH3 (3,3) 3, 5, and 9 ⇥ 9 mJy beam 1 km s 1 contours (bottom left),
and CH3 OH peak flux map with HCNO(4-3) 3, 5, and 9 ⇥ 0.15 Jy beam 1 km s 1
contours from Meier et al. (2000) (bottom right). The star shows the dynamical
center (↵2000 = 03:46:48.7, 2000 = +68 05 46.8; Turner et al., 1992). Peaks where
spectra were extracted are labeled with plus signs.
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Figure 3.2 The NH3 (1,1) to (4,4) spectra extracted from the peaks in IC 342 marked
in Figure 3.1. The vertical dashed line shows the systemic velocity of 35 km s 1 .
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Source

Transition

RA (J2000)
hh:mm:ss

DEC (J2000)
0

00

R

Tmb d⌫

(K km s

1)

VLSRK
( km s

1)

VF W HM
( km s

1)

Tmb
(K)

IC 342
A1

86
A2

(1,1)

70.5±5.0

21.6±2.1

32.5±4.9

2.0±0.3

(2,2)

22.3±3.8

26.8±1.6

12.5±3.9

1.7±0.5

(3,3)

86.7±4.3

21.8±1.5

28.1±3.5

2.9±0.2

(4,4)

22.1±3.9

18.6±1.9

14.0±4.4

1.5±0.4

71.1±6.7

26.2±3.3

43.5±7.8

1.5±0.2

(2,2)

37.2±7.1

22.3±2.8

27.4±8.9

1.3±0.4

(3,3)

67.6±5.5

19.0±2.4

32.0±5.6

2.0±0.3

(1,1)

03:46:48.6

03:46:48.4

68:05:43.4

68:05:43.0

B1

(3,3)

03:46:47.8

68:05:46.4

27.5±3.7

25.4±1.6

13.0±3.4

2.0±0.5

C1

(1,1)

03:46:49.0

68:05:51.7

98.7±7.6

51.3±3.4

51.0±8.1

1.8±0.3

(2,2)

65.0±4.6

51.0±1.9

30.2±4.5

2.0±0.3

(3,3)

139.0±4.5

47.5±1.3

33.6±3.1

3.9±0.3

(4,4)

52.8±7.1

44.8±4.0

42.0±9.4

1.2±0.2
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Table 3.1. NH3 Line Parameters

Source

Transition

RA (J2000)
hh:mm:ss

C2

C3

(1,1)

0

00

Tmb d⌫

(K km s

1)

VLSRK
( km s

1)

VF W HM
( km s

1)

Tmb
(K)

87

45.8±2.8

47.2±6.7

2.1±0.3

(2,2)

51.1±5.5

45.4±2.5

27.4±5.9

1.8±0.3

(3,3)

138.0±3.6

50.4±1.1

35.3±2.6

3.7±0.2

(4,4)

34.4±9.9

53.5±7.8

50.9±18.3

0.6±0.2

84.9±5.5

49.0±2.7

50.0±6.3

1.6±0.2

(2,2)

55.8±7.2

42.8±3.6

35.1±8.5

1.5±0.3

(3,3)

77.6±4.1

49.8±1.5

28.2±3.5

2.6±0.3

03:46:49.1

68:05:49.9

R

103.3±6.7

(1,1)

03:46:49.2

DEC (J2000)

68:05:48.0

C4

(3,3)

03:46:49.0

68:05:46.3

25.2±3.4

53.8±1.5

14.8±3.4

1.6±0.3

C5

(3,3)

03:46:48.9

68:05:48.7

57.7±6.0

57.9±3.3

42.8±7.7

1.3±0.2

D’1

(1,1)

03:46:49.8

68:05:59.7

108.4±16.4

61.6±8.7

90.8±22.9

1.1±0.2

(2,2)

42.0±8.8

50.8±5.2

36.7±12.2

1.1±0.3

(3,3)

69.4±5.5

47.7±2.1

27.1±4.9

2.4±0.4

(4,4)

36.9±9.5

61.9±6.3

39.9±14.8

0.9±0.3

89.4±8.1

49.0±4.1

57.7±9.8

1.5±0.2

52.8±5.4

54.0±2.3

25.2±5.4

2.0±0.4

D’2

(1,1)
(3,3)

03:46:49.7

68:05:58.4
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Table 3.1 (cont’d)

Source

Transition

RA (J2000)
hh:mm:ss

DEC (J2000)
0

00

R

Tmb d⌫

(K km s

1)

VLSRK
( km s

1)

VF W HM
( km s

1)

Tmb
(K)

88

D’3

(1,1)

03:46:49.4

68:06:02.0

29.1±2.3

23.7±0.9

11.0±1.9

2.5±0.4

E1

(1,1)

03:46:47.5

68:05:42.7

51.9±5.6

18.3±2.5

27.9±6.0

1.7±0.3

(2,2)

53.2±6.6

21.0±3.4

34.3±7.9

1.5±0.3

(3,3)

47.3±3.3

12.9±1.1

15.5±2.5

2.9±0.4

28.0±3.2

25.3±1.4

13.5±2.0

1.9±0.4

7.9±2.7

26.9±6.4

0.8±0.2

E3

(3,3)

03:46:47.0

68:05:37.1

NGC 6946
AI

(3,3)

20:34:52:9

60:09:14.4

21.8±3.8

NGC 2146
AI

(1,1)

06:18:37.2

78.21.25.1

17.2 ±0.8

944.3±1.0

6.5±1.7

2.5±0.6

AII

(1,1)

06:18:35.1

78.31.34.1

44.7 ±5.9

916.3±3.7

39.3±8.7

1.1±0.2

Chapter 3. IC 342, NGC 6946 and NGC 2146

Table 3.1 (cont’d)
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We have identified two water masers in IC 342: IC 342-W1 in the A cloud and
IC 342-W2 in the B cloud (Figure 3.1). The spectra are shown in Figure 3.3. Water
masers in IC 342 have already been investigated by Tarchi et al. (2002). They found
a single narrow water maser to the east of the B cloud (↵2000 = 03h 46m 46.3s ,

2000

=+68 050 4600 , with a positional uncertainty of ⇠ 500 ). We do not detect this maser.
It is likely variable as they observed a peak flux increase of ⇠100% over 20 days.

Our masers have narrow spectral profiles, being almost single channel (7 km s 1 )
detections, and have isotropic luminosities of < 0.02L . The spectrum of W1 was
Hanning smoothed to reduce Gibbs ringing. The properties of the spectral profiles
are listed in Table 3.2.

Figure 3.3 The 22 GHz H2 O maser spectra extracted from the peaks in IC 342 marked
in Figure 3.1. The vertical dashed line shows the systemic velocity of 35 km s 1 .
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Source

RA (J2000)
hh:mm:ss

DEC (J2000)
0

00

R

Tmb d⌫

(K km s

1)

VLSRK
( km s

1)

VF W HM
( km s

1)

Tmb

Luminosity

(K)

L

IC 342

90

IC342-W1

03:46:48.7

68 05 43.7

97.9±32.8

26.5±0.2

13.0±0.5

7.0±0.2

0.017

IC342-W2

03:46:47.7

68 05 45.9

29.1±11.0

20.0±1.0

9.1±2.7

3.0±0.7

0.005

11.0±1.1

5.0±0.4

0.042

NGC 6946
6946-W1

20:34:52.9

60 08 51.3

58.3±2.2

94.8±0.6

NGC 2146
2146-W1

06:18:38.7

78 21 19.7

72.6±9.3

831.4±0.8

4.5±1.3

15.2±4.0

0.351

2146-W2

06:18:38.7

78 21 24.3

94.1±3.8

831.9±0.5

9.7±1.1

9.1±0.9

0.455

2146-W3

06:18:36.6

78 21 27.6

431.5±7.6

1013.3±1.4

48.0±3.4

8.4±0.5

2.087
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Table 3.2. H2 O Line Parameters
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Figure 3.4 The 36 GHz CH3 OH spectra extracted from the peaks in IC 342 marked
in Figure 3.1. The vertical dashed line shows the systemic velocity of 35 km s 1 .

We now add IC 342 to the list of galaxies with detected 36 GHz CH3 OH emission.
We detect six spatially resolved 36 GHz CH3 OH sites in IC 342. There are two in
each of the D, C, and E clouds (Figure 3.1). The spectra are shown in Figure 3.4
and the extracted properties are shown in Table 3.3. These masers have isotropic
luminosities of order 10

2

L , about 10-100 times less luminous than the masers in

NGC 253 (Chapter 2).
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Source

RA (J2000)
hh:mm:ss

DEC (J2000)
0

00

R

Tmb d⌫

(K km s

1)

VLSRK
( km s

1)

VF W HM
( km s

1)

Tmb

Luminosity

(K)

L

IC 342

92

IC 342-M1

03:46:49.8

68 05 59.9

140.4±93.6

51.9±0.8

24.2±1.9

5.5±0.4

0.061

IC 342-M2

03:46:49.6

68 05 58.7

94.5±91.7

54.5±0.9

19.7±2.1

4.5±0.4

0.041

IC 342-M3

03:46:49.1

68 05 51.7

176.9±83.3

49.9±0.6

23.5±1.5

7.1±0.4

0.077

IC 342-M4

03:46:49.1

68 05 50.6

186.5±60.5

50.6±0.5

23.2±1.1

7.6±0.3

0.081

IC 342-M5

03:46:47.1

68 05 39.1

43.0±118.8

21.3±1.1

11.6±3.1

3.5±0.8

0.019

IC 342-M6

03:46:47.1

68 05 37.0

83.2±77.9

23.1±0.8

16.6±1.7

4.7±0.4

0.036

NGC 6946
6946-M1

20:34:52.8

60 09 13.4

269.6±149.7

33.3±1.5

56.1±3.5

4.5±0.2

0.376

6946-M2

20:34:52.7

60 09 11.2

82.3±98.3

66.0±1.1

22.4±2.6

3.5±0.4

0.115
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Table 3.3. CH3 OH Line Parameters
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3.4.2

NGC 6946

Figure 3.5 Spitzer IRAC 8µm image of NGC 6946 from the Infrared Science Archive
(color) and 12 CO(J = 1 ! 0) 3, 5, 9, 15, 24, and 39 ⇥ 0.05 Jy beam 1 km s 1
contours from Schinnerer et al. (2006) (top left), H2 O peak flux map (top right),
NH3 (3,3) peak flux map (greyscale) with NH3 (3,3) integrated flux contours at 0.03
and 0.06 Jy km s 1 (bottom left), and CH3 OH (bottom right) peak flux maps. The
star shows the peak of the 22 GHz continuum. Peaks where spectra were extracted
are labeled with plus signs.

The molecular gas in the central kpc of NGC 6946 (Figure 3.5) shows spiral

93

Chapter 3. IC 342, NGC 6946 and NGC 2146

Figure 3.6 The NH3 (3,3) spectrum extracted from the peak in NGC 6946 marked in
Figure 3.5. The vertical dashed line shows the systemic velocity of 50 km s 1 .

structure with a nuclear bar that feeds the nuclear starburst, and three clumps near
the dynamical center (Schinnerer et al., 2006). These structures are not detected
in our NH3 observations. Our only detection is the NH3 (3,3) line ⇠4.500 from the
dynamical center (Figure 3.5). The integrated line intensity is 21.8±3.8 K km s 1 ,

just above our specified detection threshold. The line properties are listed in Table
3.1 and the spectrum is shown in Figure 3.6.
We observe a single water maser in NGC 6946. The spectrum is narrow with a
fitted FWHM of 11 km s

1

and an isotropic luminosity of 0.042 L (Figure 3.7). It is

located ⇠2200 from the center of the galaxy in the southern spiral arms (Figure 3.5).
Its spectral properties are collated in Table 3.2.
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Figure 3.7 The 22 GHz H2 O maser spectrum extracted from the peak in NGC 6946
marked in Figure 3.5. The vertical dashed line shows the systemic velocity of 50
km s 1 .

We also expand the detections of extragalactic 36 GHz CH3 OH masers to include NGC 6946. There are two masers located in the southern clump identified by
Schinnerer et al. (2006). Their spectral properties are available in Table 3.3 and the
spectra are shown in Figure 3.8. They are one order of magnitude more luminous
than the masers in IC 342, more comparable to the ones found in NGC 253.
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Figure 3.8 The 36 GHz CH3 OH maser spectra extracted from the peaks in NGC 6946
marked in Figure 3.5. The vertical dashed line shows the systemic velocity of 50
km s 1 .

3.4.3

NGC 2146

This peculiar spiral galaxy (Figure 3.9) has the strongest star formation activity in
our survey (20 M yr

1

Gao & Solomon (2004)). We detect the NH3 (1,1) line in two

locations about the center of the galaxy (tabulated in Table 3.1). The spectra are
shown in Figure 3.10. The peaks (Figure 3.9) do not coincide with the molecular
outflow or superbubbles found by Tsai et al. (2009).
There are three distinct locations with H2 O masers, all within 700 from the 22 GHz
continuum peak (Figures 3.9 and 3.11). Masers 2146-W1 and 2146-W2 are narrow,
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Figure 3.9 NGC 2146 image of the Spitzer IRAC 8µm emission (color) from the
Infrared Science Archive (left), and H2 O (center) and NH3 (3,3) (right) peak flux
maps. The star shows the peak of the 22 GHz continuum. Peaks where spectra were
extracted are labeled with plus signs.

1

almost single channel (⇠10 km s

FWHM), detections whereas 2146-W3 has a broad

profile with a FWHM of 48 km s 1 . The H2 O masers in NGC 2146 are more luminous than the other galaxies. Each maser’s luminosity is >0.1L , classifying each
of them as kilomasers. 2146-W3 is the most luminous at ⇠2.1 L . The fitted line
profiles are listed in Table 3.2. 2146-W2 and 2146-W3 were observed by Tarchi et al.
(2002b) (labeled respectively 2146-A and 2146-B Tarchi et al., 2002b ) and are spatially coincident with optically thick H ii regions. 2146-W1 has not been previously
detected. The dense, warped molecular ring within 2 kpc of the center has rotation
velocities spanning ±250 km s

1

about the systemic velocity of 850 km s

1

(Tsai et

al., 2009). W1 has a velocity of ⇠831 km s 1 , W2 has a velocity of ⇠832 km s 1 , and
W3 has a velocity of ⇠1013 km s 1 . All three masers have velocities consistent with
the molecular ring.
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Figure 3.10 The NH3 (1,1) spectra extracted from the peaks in NGC 2146 marked in
Figure 3.9. The vertical dashed line shows the systemic velocity of 850 km s 1 .

3.5

3.5.1

Discussion

Temperatures

The metastable NH3 lines are close in frequency with less than 5% di↵erence between
the (1,1) and (5,5) lines. This means that the relative amount of resolved out flux
among states is negligible if they trace the same gas, and that we probe similar
sensitivities and spatial scales. If the gas is optically thin, a column density of the
upper state can be calculated from the main beam brightness temperature (Tmb ),
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Figure 3.11 The 22 GHz H2 O spectra extracted from the peaks in NGC 2146 marked
in Figure 3.9. The vertical dashed line shows the systemic velocity of 850 km s 1 .

frequency in GHz (⌫), and J,K angular momentum quantum numbers:
Z
7.73 ⇥ 1013 J(J + 1)
Nu (J, K) =
Tmb dv
⌫
K2

(3.1)

Rotational temperatures can then be determined from any pair of metastable transitions J and J0 assuming di↵erences in excitation temperatures between states are
negligible (e.g., Henkel et al., 2000, Ott et al., 2005, Mangum et al., 2013 and Chapter
2):
0
⇣
gop
(2J 0 + 1)
Nu (J 0 , J 0 )
E⌘
=
exp
Nu (J, J)
gop (2J + 1)
TJJ 0

(3.2)

Where Nu (J,J) is the column density of the upper inversion state of the (J,J) transition in cm 2 ,

E is the di↵erence in energy between J and J0 states in Kelvin, and

gop is the statistical weight of the NH3 species. gop = 1 for para-NH3 where J6= 3n
where n is an integer, and gop = 2 for ortho-NH3 ,where J=3n with the (0,0) state
belonging to ortho-NH3 .
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Figure 3.12 Top: the Boltzmann diagram generated from the IC 342 NH3 data. The
average error bars from all measurements are plotted in black along the bottom.
Bottom: rotational temperatures derived from the slopes of the Boltzmann diagram.
The horizontal bars represent the best fit rotational temperature across all locations.
The height of the region shows the 1 uncertainty.
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A Boltzmann diagram plots the log of the weighted column densities on the y-axis
versus the energy above ground state in Kelvin on the x-axis. The slopes between
transitions then represent the inverse of the rotational temperature of the gas with
colder gas represented by steeper slopes (Equation 3.2). The only galaxy in our
sample where we have enough NH3 detections to construct a Boltzmann diagram is
IC 342, shown in Figure 3.12. There is a slight bump in the A1 and C2 regions of
IC 342 (Figure 3.1) at the NH3 (3,3) line. The positive slope of the Boltzmann plot
suggests weak NH3 (3,3) masers. This has been seen in NGC 253 and NGC3079 ( Ott
et al., 2005, Miyamoto et al., 2015, Chapter 2), though it could also be due to a change
in the ortho to para ratio of NH3 . The lowest energy state of ammonia is an ortho
state, therefore the ortho to para ratio is sensitive to the formation temperature of
the gas, with a colder formation temperature leading to more ortho species (Takano
et al., 2002). In the Milky Way NH3 (3,3) masers are weakly associated with star
forming sites (e.g., Wilson & Mauersberger, 1990 and Goddi et al., 2015). Meier &
Turner (2005) propose that the young stars forming in the C cloud are still enveloped
in dense “natal” material. These conditions could be appropriate for NH3 (3,3) maser
excitation in the C cloud of IC 342 .
We do not construct Boltzmann diagrams for NGC 6946 and NGC 2146. In
NGC 2146 we detect only the NH3 (1,1) transition. Toward NGC 6946 we detect
only the NH3 (3,3) line near the center.
The rotational temperature serves as a lower limit to the true, i.e., kinetic temperature, of the gas. To estimate the kinetic temperature, we apply the approximation
to Large Velocity Gradient models (LVG) by Ott et al. (2005) for the (1,1) and (2,2)
line ratio, and from Chapter 2 for the (2,2) and (4,4) line ratio. We can only estimate
the temperatures where we have appropriate measurements; in cases where we have
only one measured transition we provide an upper limit (Table 3.4).
We perform a single temperature fit to each line pair weighted by the larger
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Figure 3.13 Kinetic temperatures estimated by applying the approximation to the
LVG model. The horizontal regions represent the best fit temperature to the line
pairs; the height represents the 1 uncertainty. There is clear need for a two temperature fit with Tkin12 =27±3 K and TKin24 =308±171 K.

of the 1 asymmetric uncertainties. Figure 3.12 plots the rotational temperatures
versus the distance from the dynamical center (↵2000 = 03:46:48.7,

2000

= +68 05

46.8 Turner et al., 1992). The blue and red shaded areas represent the average best
fit temperatures weighted by the larger of the asymmetric errors across all detected
regions from the (1,1) to (2,2) and (2,2) to (4,4) ratios, respectively. In IC 342 the
best fit rotational temperatures are T12 =26±2 K and T24 =132±22 K. Following the
method from Chapter 2 we convert to kinetic temperatures and we get TKin12 =27±3
K and TKin24 =308±171 K. The uncertainties reported here are 1 uncertainties. The
TKin24 for A1 is not included as we can only determine a lower limit. This is because
the conversion to Tkin exceeds the bounds of the rotation-to-kinetic temperature fit:
the conversion factor from rotation to kinetic temperatures were fit using collisional
coefficients from Tkin =0 to 300 K, with the fits then extrapolated out to Tkin =500 K
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(Ott et al., 2005 and Chapter 2).
Similar to NGC 253 there are two representative temperature components with
1 confidence, and there appears to be no spatial gradient in temperatures across the
central kpc. In Figure 3.13 we plot the kinetic temperatures as a function of o↵set
from the dynamical center. The cool 27 K component is evenly distributed across
the disk. The 308 K component also appears to be uniformly distributed across the
disk, however the large uncertainties may hide a gradient, and in many locations we
do not detect the NH3 (4,4) line so the warm component is poorly sampled.
From Meier & Turner (2005) it appears that the A, B, and C clouds are largely
a↵ected by photo dissociation from the nuclear star cluster. A is dominated by PDRs
while B and C are largely a↵ected around the edges. The lack of a temperature
gradient across the C cloud suggests that photon dominated region (PDR) surfaces
do not heat the gas on GMC scales. It is also possible that the NH3 molecule
cannot survive along PDR surfaces as NH3 is photodissociated at ⇠4.1 eV (Suto &
Lee, 1983). This could account for the weaker detections we make towards C4 and
C5 which are ⇠ 30 pc from the dynamical center, while the other brighter emission
regions C1-3 are >10 pc further. To investigate this further we calculate the molecular
abundance of NH3 (NN H3 /NH2 ). We accomplished this by smoothing our ammonia
total flux (moment zero) maps to the resolution of the

12

CO(J = 1 ! 0) map

from Levine et al. (1994) (⇠2.700 ). We only include locations where the NH3 (1,1)
line could be reliably detected above 3 (⇠53 K km s 1 ) in the 2.700 resolution maps.
Then using a Galactic conversion factor from Strong et al. (1988) of Xco =2.3⇥1020
cm

2

(K km s 1 )

1

we estimate the column density of H2 . The total NH3 column

density is estimated by extrapolating to include the NH3 (0,0) state (Ungerechts et
al., 1986). We use the rotational temperature derived earlier of 26 K, and the total
NH3 (1,1) column density (not just the upper inversion state) as described in Lebrón
et al. (2011). The results are shown in Table 3.5. We do not see evidence for
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abundance variations of NH3 as the uncertainty is
of 12.5 km s

1

for the CO map and 17.8 K km s

1

35% in all cases, given the rms
for the NH3 (1,1) map.

Meier et al. (2011) analyze the dense gas in IC 342 using HC3 N transitions. They
attempt to explain the dense gas conditions with a uniform density and temperature.
These models drastically over-predict the amount of dense gas in IC 342 by 300%400% for uniform cold dense gas with Tkin < 30 K. In order to reproduce the observed
masses derived from an optically thin isotopologue of CO, C18 O, they invoke a twodensity component model of the gas. For simplicity they assume that Tkin is the
same for both components (30 K). They find that most of the mass is concentrated
in a dense, low filling factor component. They admit that their solution is an oversimplification. We have measured two temperature components in the center of
IC 342, 27±3 K and 308±171 K with an average, weighted by the average column
densities per location of the NH3 (1,1) and NH3 (4,4) lines (respectively 1.1⇥1015 cm

2

and 6⇥1014 cm 2 ), of ⇠129±64 K. This suggests that a dense cold component doesn’t
completely dominate the mass distribution of IC 342.
Compared to NGC 253 (Chapter 2) there appears to be a larger di↵erence between
the cold and warm temperature components in IC 342. The cool gas is cooler (IC 342:
27 K vs. NGC 253: 57 K) and the warm gas is the same temperature within the errors
(IC 342: 308±171 K vs. NGC 253: 134±8 K). This is derived with 1

confidence.

Both galaxies show an even distribution of temperatures across the central kpc.
The kinetic temperatures in NGC 2146 are only upper limits. Using a detection
threshold of 20 K km s

1

for NH3 (2,2) line, for the AI cloud we derive an upper

limit of 89 K and for the AII cloud, 23 K. Without detections of the other NH3 lines
we cannot constrain the temperature of the gas any further. There may also be a
warmer component we cannot see. More sensitive observations are necessary in order
to derive temperatures via NH3 thermometry.
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IC 342 LVG Fitting with RADEX

Figure 3.14 RADEX LVG models based on the NH3 lines in IC 342. The blue region
represents the fit to the NH3 (1,1) to (2,2) ratio and the red region represents the fit
to the NH3 (2,2) to (4,4) ratio. The shaded area shows the 1 confidence regions.
The horizontal dashed line shows the median temperature fit for each instance.

We can also perform direct fitting of LVG models in IC 342 following the procedure from Chapter 2. We perform this as a check of the approximations to LVG
models described earlier. We use RADEX (van der Tak et al., 2007) with collisional
coefficients from the LAMBDA database (Schöier et al., 2005). We generate a grid
from 0-300 K in steps of 3 K and sample the collider density (H2 ) logarithmically
from 103 to 106 cm

3

with 100 steps. The LVG approximation to radiative transfer

accepts N/ v as the third axis (column density divided by line width). We use a
line width of 34 km s
cm

2

1

for IC 342 and sample the column density from 1013 to 1017

with 100 steps. The fits were carried out where we made detections of the

NH3 (1,1), (2,2) and (4,4) lines. The results are shown in Figure 3.14. Following
Chapter 2 we plot the median temperature with a solid dashed line surrounded by
1 confidence contours. The cool component derived from the (1,1) to (2,2) ratio is
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shown in blue, and the warm component from the (2,2) to (4,4) line ratio is shown
in red. The fits are unconstrained along the density axis (x-axis) in tune with NH3
not being a good density probe. The fit to the (2,2) to (4,4) ratio is unconstrained
along the temperature axis, therefore we can only provide a lower limit for locations
C2, C3, and D1 of >115 K. The sites C3 and E1 are also unconstrained along the
temperature axis, therefore they are removed from the calculation of the average
temperature from the (1,1) to (2,2) ratio. The average temperature weighted by the
larger of the asymmetric errors is 27±2 K. These results are broadly consistent with
the previous subsection.

3.5.2

H2 O Masers

Water masers span a large range of luminosities and can be variable on time scales
of weeks (e.g., Palagi et al., 1993, Claussen et al., 1996 and Braatz et al., 1996).
The water masers in all three galaxies are narrow, single peak spectral features with
FWHM of ⇠10 km s 1 . In IC 342 and NGC 6946 the isotropic luminosities of the
masers are of order 0.01 L . These are likely individual YSO or AGB stars (e.g.,
Palagi et al., 1993). The more luminous of the two masers seen in IC 342 (W1) is
located in the A cloud close to A1 and the other (W2) is located in the B cloud
close to B1. The B cloud is a site of a young star forming region (Meier & Turner,
2005), supporting a possible origin of a YSO. The A cloud is not an active site of
star formation and is dominated by PDRs (Meier & Turner, 2005). Therefore the
W2 maser may be either a stray YSO or an AGB star. Neither of these masers has
been previously observed, though this is likely due to low sensitivity or variability
(⇠10 mJy rms in Tarchi et al., 2002).
In NGC 6946 the maser is located in the southern spiral arm about 350 pc from
the galaxy center. The luminosity is 0.042 L , which is consistent with stellar maser
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rather than kilomaser luminosities. Stellar H2 O masers are highly variable (e.g
Claussen et al., 1996) and can be found in nuclear regions and spiral arms of galaxies.
The lack of detections in the center of NGC 6946 is thus unsurprising.
NGC 2146 has the most luminous masers in our sample of galaxies. All three of
these masers have luminosities greater than 0.1 L classifying them as kilomasers.
Observed in June of 2001, masers W2 and W3 had luminosities of 0.5 L and 1.5
L respectively, while W1 was not detected (Tarchi et al., 2002). We observed these
masers in July of 2013. We report isotropic luminosities of 0.455 L and 2.087 L
for 2146-W2 and 2146-W3 respectively, an increase of ⇠33% for 2146-W3, whereas
2146-W2 has the same flux as in 2002, but was variable before that (Tarchi et al.,
2002b). We calculate a luminosity of 0.351 L

for 2146-W1. The appearance of

this maser indicates it is variable. Including the masers from NGC 253 (Chapter
2), the galaxies with the most vigorous star formation host the kilomaser class of
H2 O masers (253-W1, 2146-W2) while the lower luminosity stellar masers are more
ubiquitous in the SWAN sample (253-W3, IC342-W1 and W2, and 6946-W1).

3.5.3

CH3 OH Masers

The 36 GHz CH3 OH(414

303 ) maser was first detected in an extragalactic context

by Ellingsen et al. (2014) in NGC 253. These masers were resolved in Chapter 2 and
evidence was given for correlation with weak shocks as the emission is morphologically
similar to HNCO, which is unique compared to other molecular tracers Meier et al.
(2015). We have expanded the set of galaxies with 36 GHz CH3 OH masers to include
IC 342 and NGC 6946.
There are six sites with 36 GHz CH3 OH emission in IC 342 coincident with the
D’, C and E clouds. The emission is two orders of magnitude less luminous than
the strongest emission found in NGC 253 (Chapter 2). As shown in Figure 3.1,
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Figure 3.15 Peak flux map of the 36 GHz methanol transition of IC 342 in grey. We
show 3, 5, 8, 13, 21, and 34 ⇥ 50 mJy km s 1 contours of the 96 GHz CH3 OH(2k -1k )
transitions from Meier & Turner (2005)

similar to NGC 253 , the morphology of the masers roughly matches that of HNCO
emission mapped by Meier & Turner (2005), where they argue for weak shocks along
the leading edges of the spiral arms. The morphological similarity to HNCO in
NGC 253 and IC 342 implies that these two molecules are related. We compare with
the thermal methanol lines at 96 GHz from Meier & Turner (2005) in Figure 3.15.
The similarity of the morphology of the 36 GHz lines with thermal lines is curious
and might suggest that we are observing thermal 36 GHz emission. The strongest
maser found in a survey of the inner 100 pc of the Milky Way by Yusef-Zadeh et al.
(2013) (number 164) is 470 Jy km s 1 . The most luminous site in IC 342 is M4 with
a luminosity of ⇠0.08 L . At the distance of the galactic center (⇠ 8 kpc) this would
equate to a 33,000 Jy km s

1

source, suggesting that this is indeed strong maser
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emission.
There are two sites with 36 GHz CH3 OH emission in NGC 6946. These lie in the
southern clump described in Schinnerer et al. (2006). The two masers are an order
of magnitude more luminous than those in IC 342, and of similar luminosity to the
masers in NGC 253. It is possible that some portion of the emission is non-thermal
(maser), however because they are more luminous it is likely that these are masers.
The association with weak shocks in NGC 253 and IC 342 suggests that the southern
clump is shocked by the inflow of material along the bar.

3.5.4

Maser Luminosities and Star Formation

Figure 3.16 H2 O maser luminosity versus 22µm SFRSD. The SFRSD is estimated
from the corresponding pixel in the WISE Atlas images. The WISE data have a
resolution of ⇠1200 . The uncertainty on the y-axis is due to the flux calibration and
is 5% (Jarrett et al., 2013) and is smaller than the marker size. The vertical dashed
line denotes the division between stellar and kilomaser classes.

In Figure 3.16 we plot luminosities of all the water masers against the calculated
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star formation rate surface density (SFRSD) from the corresponding pixel in the
22µm WISE Atlas images (Jarrett et al., 2013). A single WISE pixel represents the
beam averaged emission at that location. The FWHM of the point spread function
of the WISE Atlas images is 11.9900 ⇥11.6500 . We do not observe a general increase in
H2 O maser luminosity with increased SFRSD.
Our results are consistent with the current classification of H2 O masers (Hagiwara et al., 2001). We observe two classes of masers, the stellar masers and the
kilomasers. The kilomasers exist in the galaxies classified as starbursts. The kilomasers have luminosities >0.1 L

and can have many spectral components. They

also correspond with larger star formation rates. The stellar masers are more evenly
distributed across the sample of galaxies and have narrow single velocity components with luminosities <0.1 L . We do not observe any megamasers as none of our
galaxies hosts an AGN. In Chapter 2 we show evidence for a possible extension of
water masers in NGC 253 along the minor axis. The extension is likely due to star
formation and not an AGN.
36 GHz CH3 OH emission is new in the extragalactic context. In the three extragalactic cases where 36 GHz CH3 OH emission was targeted it was detected. The
ubiquitous detections open up a new possibility for probing shocked environments in
the extragalactic context. As shown in Figure 3.17, the emission does not apparently
scale with local SFRSD (although NGC 253 clearly has the most extreme values of
these two quantities). Also in Figure 3.17, for all galaxies external to the Milky Way
with detected 36 GHz emission, we plot the global star formation rate versus the
total 36 GHz CH3 OH luminosity. There appears to be a close relationship between
the luminosity of the 36 GHz and the global star formation rate, albeit we have only
four galaxies. This is perhaps unsurprising as these galaxies have large reservoirs of
molecular gas, but the result also suggests little variability of the masers.
Yusef-Zadeh et al. (2013), Ellingsen et al. (2014) and Chen et al. (2015) discuss
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Figure 3.17 Top: SFRSD versus 22µm total CH3 OH maser luminosity, estimated
from the corresponding pixel in the WISE Atlas images. The WISE data have
a resolution of ⇠1200 . The uncertainty on the y-axis is 5% (Jarrett et al., 2013).
Bottom: total galactic star formation rate from Gao & Solomon (2004) versus total
CH3 OH maser luminosity for all extragalactic sources with 36 GHz CH3 OH detections
to date.
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the possibility that cosmic rays release CH3 OH into the ISM resulting in higher
abundances towards a galaxy’s center as the cosmic ray density increases; however if
the cosmic ray density is too high CH3 OH molecules will be destroyed. Should the
cosmic ray density be highest in the center of galaxies, the concentration of masers
at the edge of the molecular bar in NGC 253 (Ellingsen et al., 2014 and Chapter
2) and IC 342 would be consistent with this idea. However, in Arp 220 Chen et al.
(2015) observe a CH3 OH X-ray correlation. They take X-ray emission to reflect the
cosmic ray density. This suggests that methanol is not destroyed in regions where
the cosmic ray density is high. At this point then, this idea is difficult to test via
extragalactic CH3 OH observations.
The similar morphology of the HNCO emission and CH3 OH masers in NGC 253
and IC 342 further supports a di↵erent generating mechanism as the HNCO molecule
appears to be anti-correlated with PDRs. Meier & Turner (2005) and Meier et al.
(2015) suggest that weak shocks and/or ice mantel evaporation are related to the
HNCO emission. In IC 342 they suggest the emission is reflective of shocks along the
leading edge of the molecular bar. Because of the morphological similarities between
HNCO and 36 GHz CH3 OH, the physical conditions that give rise to emission are
likely related. In Arp220 the CH3 OH is correlated with the X-ray plume generated by
a starburst super-wind (Chen et al., 2015). It is possible that the CH3 OH is related
to the shocks driven by the wind. In Chapter 2 we suggest the CH3 OH masers are
related to shocks in expanding superbubbles. So far, a relationship between 36 GHz
CH3 OH emission and with weak shocks would be a more consistent picture across
all galaxies.
It is not yet known what fraction of the emission in these galaxies is thermal
vs. non-thermal (maser). It’s possible there are multiple conditions that give rise
to 36 GHz emission or that separate conditions give rise to thermal versus maser
emission. More in-depth studies are critical to uncover the pumping of the maser
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and the nature of the 36 GHz CH3 OH line in the extragalactic context.

3.6

Summary

With this chapter we complete the analysis of the H2 O, NH3 , and CH3 OH lines in
the Survey of Water and Ammonia in Nearby galaxies (SWAN). The primary results
are:
1. We have detected metastable NH3 transitions in IC 342, NGC 6946, and NGC
2146. In IC 342 the two molecular spiral arms and the central molecular ring
are traced in NH3 (1,1) to (4,4). We make only one detection of the NH3 (3,3)
line in NGC 6946 near the center.
2. We detect a uniform 27±3 K dense molecular gas component across the central
kpc of IC 342, and a 308±171 K component, with 1 uncertainties. The direct
LVG models are consistent with our LVG approximation. The temperatures
of the clouds do not appear to be a↵ected by the nuclear PDRs given the
flat temperature distribution across the C cloud. We also provide evidence for
weak NH3 (3,3) masers in the A and C clouds. The dense molecular gas in
NGC 2146 must be fairly cold, with T < 89 K, and there is no evidence for a
hot component.
3. Compared to NGC 253, the molecular gas components in IC 342 have a larger
temperature di↵erence, as the cold component is colder. The two temperature
components in both galaxies have flat distributions across their central molecular zones. Individual feedback e↵ects (e.g. supernovae, PDRs, shocks) do not
appear to dominate the distribution of temperatures.
4. We have detected two new stellar H2 O masers in IC 342, one in NGC 6946, and
three H2 O kilomasers in NGC 2146 of which one was previously undetected.

113

Chapter 3. IC 342, NGC 6946 and NGC 2146
Across the entire SWAN sample the kilomasers are found in the two starburst
galaxies NGC 253 and NGC 2146, while the lower luminosity stellar masers are
found more uniformly across the sample.
5. We report the first detection of 36 GHz CH3 OH in IC 342 and NGC 6946.
This expands the number of galaxies beyond the Milky Way with 36 GHz
CH3 OH emission to four including Arp220 (Chen et al., 2015). The morphology in IC 342 and NGC 253 is similar to HNCO emission, implying that weak
shocks may pump the maser. It is possible there is a mixture of thermal and
non-thermal (maser) emission that high resolution observations will separate.
The total luminosity of the emission appears to roughly scale with the global
strength of the star formation activity.

3.7

Acknowledgments

Mark Gorski acknowledges support from the National Radio Astronomy Observatory
in the form of a Reber Fellowship, and Student Observer support. This research has
made use of the NASA/IPAC Extragalactic Database (NED), which is maintained
by the Jet Propulsion Laboratory, Caltech, under contract with the National Aeronautics and Space Administration (NASA) and NASA’s Astrophysical Data System
Abstract Service (ADS).This research makes use of data products from the Widefield Infrared Survey Explorer, which is a joint project of the University of California,
Los Angeles, and the Jet Propulsion Laboratory/California Institute of Technology,
funded by the National Aeronautics and Space Administration.

114

Chapter 3. IC 342, NGC 6946 and NGC 2146

Table 3.4. NH3 Temperatures

Source

T12
(K)

T24
(K)

TKin12

TKin24

(K)

(K)

IC 342
A1

21+32

171+133
52

22+43

>259

A2

29+75

< 96

34+17
9

<170

C1

34+54

137+34
24

48+16
10

363+330
132

C2

27+43

115

32+85

<240

C3

34+65

< 75

48+22
12

<113

D’1

24+64

148

26+11
6

452+7410
281

D’2

< 18

<28

D’3

< 35

<51

E1

53+22
12

+52
31

+150
51

< 77

154+458
81

NGC 2146
AI

< 44

<89

AII

< 21

<23
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Table 3.5. NH3 Abuncance in IC 342

Location

NH2
1022 (cm

NN H 3
2)

1014 (cm

Abundance
2)

10

9 (N
N H3 /NH2 )

D’3

7±3

13±6

18±8

D2

8±3

16±6

21±8

D1

7±3

14±6

21±9

C5

9±3

9±6

10±6

C4

12±3

...

...

C3

12±3

13±6

12±5

C2

15±3

20±6

14±4

C1

17±3

15±6

8±3

B1

11±3

13±6

11±5

A2

15±3

18±6

12±4

A1

14±3

13±6

9±4

E2

7±3

E1

15±3

...
5±6

...
3±4

Note. — These measurements are made with a ⇠2.700
beam and therefore the only spatially independent measurements are between C1 and C3, and C1 and C5.
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4.1

Overview

It is necessary to provide observationally motivated descriptions of the connection
between the ISM and star formation because the relationship is responsible for significant uncertainties in models of galaxy evolution. Specifically, feedback is necessary
to stifle star formation. We can best study this aspect in nearby galaxies such as
NGC 253. This galaxy has a nucleated starburst that is driving a strong ionized and
molecular outflow. To date it is the only extragalactic case known to host water,
ammonia, and 36 GHz methanol masers. The H2 O masers have been shown to be
extended along the minor axis of the galaxy in the direction of the outflow. NGC 253
is one of three extragalactic sources with 36 GHz methanol maser detections, and it
is also one of two known extragalactic cases of ammonia masers. Chapter 2 left open
questions about the nature of the emission from these masers that can be addressed
with higher angular resolution. Therefore in this chapter we present analysis of sub-
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arcsecond resolution observations of H2 O, NH3 , and CH3 OH masers in the central
500 pc of NGC 253.

4.2

Introduction

In evolutionary models feedback is necessary to impede star formation. This happens
in two ways, by preventing the ISM from accreting i.e., preventative feedback, and
by removing gas from the ISM i.e., ejective feedback (Somerville & Davé, 2015). In
the previous chapters we discussed both aspects of feedback at scales relevant to
GMCs. In this chapter we will discuss ejective feedback on sub-arcsecond scales in
NGC 253.
NGC 253’s outflow is a typical example of ejective feedback. A nuclear starburst
provides an overpressure in the center of the galaxy causing material to be ejected
perpendicular to the disk in an outflow. Strickland et al. (2002) provides four possible
scenarios relating the hot X-ray emitting gas, H↵ emitting cool (104 K) gas, halo gas,
and the disk ISM (Figure 4.1). Model (a) suggests interaction of the hot outflowing
material with cool-ambient halo clouds that are either accreting primordial material,
or cooled ejecta as in the galactic fountain model (Norman & Ikeuchi, 1989). Models
(b) and (c) suggest entrainment of dense gas from the disk. In model (b) the gas
is shocked and entrained. We do not expect to be able to distinguish between (b)
and (c) with maser observations. Last, model (d) shows an interaction with the
thick disk component from Rosen & Bregman (1995), creating a shell of cool and of
shocked material. For each of these scenarios we expect di↵erent maser morphologies
as shown in Figure 4.1. In this chapter we provide initial results regarding subarcsecond imaging of the H2 O, NH3 , and CH3 OH maser emission in the central
500 pc of NGC 253 and the relationship between masers, the outflow and nuclear
starburst. In the astronomical context masers are spectrally narrow point sources.
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High spatial resolution is necessary to resolve the maser distribution, and uncover
their relationship with galaxy structures.
In Chapter 2 we show that the H2 O maser emission is extended ⇠ 100 pc perpendicular to the major axis of the disk, and the spectrum shows evidence of multiple
H2 O masers. There are three masers with velocities 25-109 km s 1 , while the sys1

temic velocity of the galaxy is 235 km s

(Ott et al., 2005). These maser velocities

are inconsistent with the rotation of the molecular bar. In addition, there are a host
of faint unresolved maser candidates centered around the systemic velocity. Work
by Brunthaler et al. (2009) showed no AGN related component or activity, thus the
H2 O masers are likely purely star formation related. With such a large o↵set from
the galaxy’s systemic velocity, Brunthaler et al. (2009) suggest that the dominant
maser component may be associated with the outflow or supernova remnants.
To date, outside of the Milky Way, 36 GHz methanol masers have been detected in
only NGC 253 (Ellingsen et al., 2014), IC 342 (Chapter 3), and Arp 220 (Chen et al.,
2015). Ellingsen et al. (2014) detected two regions where masers exist in NGC 253.
In Chapter 2 we split these two sites into several locations, but each is still spatially
unresolved. We suggest these masers exist where expanding superbubbles, discovered
by Sakamoto et al. (2006), interact with dense gas, in addition they are co-spatial
with the base of the molecular outflow (Bolatto et al., 2013). For comparison, the
most luminous 36 GHz CH3 OH maser in the Milky Way is M1 in GCM0.253+0.016
with a isotropic luminosity of ⇡ 8 ⇥ 10

4

L (Mills et al., 2015). The total integrated

36 GHz CH3 OH emission from NGC 253 is ⇠ 20 times more luminous than that from
the Milky Way CMZ (Ellingsen et al., 2014).
There are only two known extragalactic cases of NH3 (3,3) masers to date: NGC
253 (Ott et al., 2005) and NGC 3079 (Miyamoto et al., 2015). In both galaxies
the masers are associated with the gas in the nuclear region. The NH3 masers are
identified by NH3 (3,3) emission where all other NH3 metastable states are observed
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in absorption. It is suggested by Miyamoto et al. (2015) that the masers in NGC 3079
are due to the molecular outflow interacting with ambient molecular gas. In NGC 253
the position of the base of the outflow is likely the location of these masers. The two
velocity components in the spectra shown in Chapter 2 (NH3 (3,3)a and NH3 (3,3)b
at location C1) would represent gas in the approaching and receding side of the
bar. In the context of the Strickland et al. (2002) models we hypothesize that these
masers exist in the interaction region where the outflow meets the unperturbed disk.
We have marked these regions with circles on the Strickland models (Figure 4.1).
More precise positions will reveal the nature of these masers by probing the shocked
region’s density and kinematics.
In this chapter we discuss sub-arcsecond observations of the NH3 (3,3), H2 O, and
CH3 OH masers in NGC 253. In §4.2 we discuss the observational setup and data
reduction. In §4.3 we show the first results from the observations. In §4.4 we discuss
the properties of the masers and their relationship to models of a starburst driven
outflow. Lastly, in §4.5 we summarize our findings.

4.3

Observations

We observed the 22.2351 GHz H2 O maser, the NH3 (3,3) maser at 23.8701 GHz, and
the class I 36.1693 GHz methanol maser in NGC 253 with the Karl G. Jansky Very
Large Array in the A configuration (project code: 16B-337). We acquired three hours
on source for the H2 O and NH3 masers, and two hours on source for the CH3 OH
masers. The total observing time was 13 hours and 43 minutes. The A configuration
of the VLA provides sub-arcsecond resolution, with a maximum baseline of 36.4 km,
suitable for localizing individual maser spots. The correlator was setup with 64 MHz
wide sub-bands centered at 23.849 GHz and 22.216 GHz over the NH3 and H2 O maser
lines, and one 128 MHz sub-band centered at 36.131 GHz over the 36 GHz CH3 OH
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maser. The H2 O and NH3 sub-bands were divided into 4096 channels to provide
15.625 kHz (⇠ 0.2 km s 1 ) spectral resolution. The CH3 OH sub-band was divided
into 6144 channels to provide 20.833 kHz (⇠ 0.17 km s 1 ) spectral resolution. All
velocities will be in the LSRK frame unless stated otherwise. We observed 3C48 as
the flux density calibrator, J2253+1608 as the bandpass calibrator, and J0120-2701
as the complex gain calibrator.
The data were reduced in CASA package 4.7.1 (McMullin et al., 2007). The data
were calibrated using the VLA scripted pipeline version 1.3.9, and then self calibrated on the continuum in the line free channels. The image cubes were CLEANed
to 3 rms noise with natural weighting. The NH3 and H2 O cubes were gridded with
0.02500 pixels and the CH3 OH cube was gridded with 0.01500 pixels. Continuum subtraction was performed in the (u, v) domain. The H2 O image cubes were rebinned
to 0.5 km s

1

spectral resolution, and the NH3 and CH3 OH image cubes were re-

binned to 1.0 km s

1

spectral resolution. The H2 O, NH3 , and CH3 OH cubes have

respective rms noise values of 1.2 mJy beam
and 0.9 mJy beam

1

1

channel 1 , 1.0 mJy beam

1

channel 1 ,

channel 1 . The H2 O maser image cubes were smoothed to a

common resolution per channel of 0.2300 ⇥0.1300 (position angle: 20.0 ), the NH3 image cubes were smoothed to 0.2100 ⇥0.1200 (position angle: 20.0 ), and for CH3 OH,
0.1300 ⇥0.1300 (position angle: 0.00 ). So far we have not imaged the entire primary

beam. It takes several days to create an image cube, so we focused on the regions
where we see emission from Chapter 2. We created three cubes for CH3 OH, one
for H2 O, and one for NH3 (Figure 4.2). The three methanol cubes cover 1800 ⇥1800
centered around the two expanding shells seen in Chapter 2 and the galaxy center. The phase centers are: RA(J2000): 00h 47m 33.890s , DEC: -25 170 13.35000 , RA:
00h 47m 33.043s DEC: -25 170 18.35700 , and RA: 00h 47m 32.090s DEC: -25 170 25.57300 .
The NH3 and H2 O cubes cover 2000 ⇥2000 centered at RA: 00h 47m 33.130s , DEC: -

25 170 19.60000 . There remains the potential for many more interesting results in the
fields that have not yet been imaged.
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4.4
4.4.1

Results
H2 O

Stellar H2 O masers have narrow spectral features with FWHMs ⇠0.5 km s

1

(Palagi

et al., 1993). Looking for significant detections of these narrow features in a data
cube is challenging, since interferometer noise is correlated (Greisen, 2002). If the
noise is also Gaussian distributed, across a data cube of 11852 beams⇥1749 channels,
we would expect two sources with positive fluxes > 6 . We therefore search the
peak flux maps of the image cubes for > 6mJy peaks. To reduce the likelihood of
selecting noise as a source, we define our selection criterion based on the properties
of the structures we’re probing. The molecular bar has velocities of 170 km s
300 km s

1

1

to

(A2 to A5 from Chapter 2) and fills approximately half the image. For

each half of the bar, considering the range of velocities in that half, we would expect
<< 1 6 peaks from noise. For the molecular outflow we cannot be as restrictive,
because the outflow has a larger range of velocities and potentially covers a larger
area. For this reason we select peaks > 7 for velocities outside the range of the bar,
as we expect << 1 7 peaks from noise.
We identify 15 spatially and spectrally resolved sources across the central 340 pc
of NGC 253 (Figure 4.3) spanning velocities from 72 to 407 km s 1 . The masers are
color-coded to show their velocity with respect to the molecular bar. This will be
discussed in the next section. We detect the central bright maser (W1) previously
observed in Chapter 2, by Henkel et al. (2004), and Brunthaler et al. (2009), (indicated by a star in Figure 4.3), and 14 other masers. Besides W1, the spectra are
narrow single components with ⇠1 km s

1

wide FWHMs. Single Gaussians were fit-

ted to the spectra where appropriate. The spectra of these masers (excluding W1 to
be discussed later) are shown in Figure 4.4 and their properties are listed in Table
4.1. Twelve of these masers (including W1) lie along the molecular bar. The other
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three are positioned a few 10’s of pc perpendicular to the major axis of the galaxy.
The W1 maser is the strongest source in our observations. It shows as many as 5
distinct velocity components (Figure 4.5).
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Figure 4.1 Models from Strickland et al. (2002) showing various conditions in the
outflow. (a) shows an interaction of the hot outflowing material with cool ambient
halo clouds high above the disk (Lehnert et al., 1999). If masers exist in this picture
they are likely clustered around the starburst. (b) and (c) show varying degrees
of entrainment from the disk. In our hypothesis the H2 O masers would exist in the
dense gas above the disk as molecular gas tends to correlate with star formation (Gao
& Solomon, 2004). The NH3 (3,3) masers exist in the interaction region between the
undisturbed disk and the outflow as that is where they appear in the low resolution
observations (Chapter 2). (d) shows gas swept up by the outflow. Here masers would
be clustered about the starburst nucleus. The CH3 OH masers are clustered in the
undisturbed disk if they are are not related to the outflow.
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Figure 4.2 Fields imaged in the VLA A configuration dataset. The color scale shows
the 12 CO(J = 1 ! 0) integrated flux map from Bolatto et al. (2013). The white
square shows the 2000 ⇥2000 field of view of the H2 O and NH3 data cubes. The black
squares shows the 1800 ⇥1800 field of view of the CH3 OH data cubes. The black circle
shows the primary beam of the VLA at K-band.
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Figure 4.3 Positions of the 14 H2 O masers plotted on the HST WFPC2 H↵ map
from Watson et al. (1996). We show ⇠400 resolution 30, 60, 120, 240, and 480 Jy
beam 1 km s 1 contours of 12 CO(J = 1 ! 0) from Bolatto et al. (2013). The bright
kilomaser W1 is indicated by the star. The dynamical center derived by Garcı́aBurillo et al. (2000) is 0.2900 north and 0.1600 east of W1. Masers with velocities
consistent with the molecular bar (170 km s 1 to 300 km s 1 ) are plotted in green.
Masers redshifted and blueshifted with respect to the molecular bar are respectively
plotted in red and blue.
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Figure 4.4 Spectra of the 14 individual H2 O maser candidates besides W1. Their
o↵sets from RA:00h 47m DEC:-25 170 are labeled in the top left corner of each panel
as ↵ and . The colors are used as in Figure 4.3.
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Figure 4.5 Spectrum of the W1 H2 O maser showing 5 distinct velocity components:
the narrow feature at ⇠30 km s 1 , two bright peaks that sit atop a broad feature,
and a feature centered at ⇠200 km s 1 .
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Table 4.1. H2 O Maser Candidates

RA (J2000)

Dec(J2000)

00h 47m

-25 170

R

33.287s

20.72300

5.6±1.1

72.0±0.2

33.113s

18.08400

14.2±2.4

33.559s

13.76900

33.298s
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Speak

Luminosity

(mJy)

L

0.5*

11.0±2.2

0.0015±0.0037

157.9±0.1

1.2±0.3

11.1±1.2

0.0040±0.0007

13.0±3.3

172.2±0.1

1.7±0.3

7.2±1.2

0.0037±0.0009

15.48500

8.5±1.6

174.4±0.1

1.2±0.3

6.4±1.2

0.0024±0.0005

32.999s

19.49100

8.8±2.3

207.3±0.1

1.1±0.2

7.6±1.3

0.0025±0.0006

33.250s

16.77300

3.4±0.7

241.1±0.5

0.5⇤

0.0010±0.0002

32.938s

20.21300

6.7 ±0.3

6.3±9.1

256.6±0.1

0.8±0.2

7.4±1.4

0.0018±0.0025

33.224s

16.79500

5.7±2.3

292.7±0.1

0.7±0.2

8.0±2.0

0.0016±0.0007

32.833s

21.05300

11.0±2.2

294.5±0.2

1.4±0.2

7.5±1.0

0.0031±0.0006

a 33.076s

17.70300

20.4±4.6

347.0±0.3

4.1±0.7

4.7±0.7

0.0058±0.0013

32.710s

13.28500

4.8±2.5

351.8±0.2

0.6±0.4

8.2±0.5

0.0014±0.0007

32.709s

17.85300

3.5±0.7

355.4±0.5

0.5⇤

7.0±1.4

0.0010±0.0002

33.426s

13.05200

3.0±0.7

387.8±0.5

0.5⇤

6.1±1.3

0.0009±0.0002

33.074s

16.48600

5.2±1.1

407.9±0.1

0.6±0.2

7.8±1.6

0.0015±0.0003

⇤ unresolved,
a blend

Sd⌫

VLSRK

(mJy km s

1)

( km s

VF W HM
1)

( km s

1)

FWHM is an upper limit

of two spectral components with peak intensities of 8.7mJy beam

and 6.2 mJy beam

1

at 347.9 km s

1

1

at 345.9 km s

1
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4.4.2

NH3

We detect maser emission coming from regions A2 and A3 from Chapter 2 (Figure
4.6). We extract a spectrum of each region using 200 ⇥200 square regions. The spectra
are shown in Figure 4.7 and the properties for each region are listed in Table 4.2.
We do not see any emission relating to the continuum peak C1 from Chapter 2.

Figure 4.6 left: HST WFPC2 H↵ map from Watson et al. (1996). Right: inset from
left figure region denoted by black box with 70 mJy km s 1 contours of the NH3 (3,3)
line plotted on top of the H↵ map. The left and right clumps are coincident with
clumps A2 and A3, respectively, from Chapter 2. Spectra were extracted from the
200 square magenta regions
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Figure 4.7 Spectra of the A2 and A3 regions seen in NH3 (3,3). The spectra were
extracted from the 200 ⇥200 boxes shown in Figure 4.6. The red line shows the best
Gaussian fit to the data. The vertical dashed black line represents the systemic
velocity of NGC 253, and the horizontal dotted line marks 0 mJy beam 1 .

Table 4.2. NH3 Maser Candidates

Source

R

Sd⌫

(mJy km s

VLSRK
1)

( km s

VF W HM
1)

( km s

1)

Speak
(mJy)

A2

14.4±1.2

174.0±3.0

68.7±7.1

0.20±0.02

A3

9.8±0.2

170.4±2.1

47.5±5.0

0.20±0.01
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4.4.3

CH3 OH

The first extragalactic 36 GHz CH3 OH masers were seen by Ellingsen et al. (2014) in
NGC 253. They detected two sources with a spatial resolution of 8.000 ⇥4.200 using the
Australia Telescope Compact Array (ATCA)1 . In Chapter 2 we resolved these sources

into five di↵erent sources with a 600 ⇥400 beam using the VLA. Since then, extragalactic
36 GHz CH3 OH masers have been observed in IC 342, NGC 6946 (Chapter 3) and in
Arp 220 (Chen et al., 2015).
We detect nine 36 GHz CH3 OH masers. We show the locations of the masers in
Figure 4.8. They are concentrated in and around sources M3 and M5 from Chapter
2. Spectra are extracted from the points shown in Figure 4.8 and the spectra are
shown in Figure 4.9. The extracted properties of the masers are shown in Table 4.3.
Six of the masers have FWHMs >10 km s

1

where the other three are narrow with

FWHMs of ⇠1 km s 1 .

1 The

Australia Telescope Compact Array is part of the Australia Telescope, which is
funded by the Commonwealth of Australia for operation as a National Facility managed
by CSIRO.
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Figure 4.8 Map of 12 CO(J = 1 ! 0) shown in Chapter 2 from Bolatto et al.
(2013) in grayscale and 600 ⇥400 resolution. In magenta are 10, 20, 40, and 80
mJy beam 1 km s 1 contours of 36 GHz CH3 OH emission from Chapter 2 with features M1 to M5 labeled. The masers observed with the A array of the VLA are
marked with + signs. Three are coincident with M3, another three are coincident
with M5, and three are not associated with emission seen in Chapter 2.
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Figure 4.9 Spectra of the nine individual CH3 OH maser candidates towards
RA:00h 47m DEC:-25 170 . Their o↵sets from this position are labeled in the top
left corner of each panel as ↵ and .
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RA (J2000)

Dec(J2000)

00h 47m

-25 170

R

33.322s

15.00700

20.9±4.8

103.9±0.5

33.597s

13.36000

84.8±10.2

33.658s

13.46400

33.683s

Speak

Luminosity

(mJy)

L

4.3±1.2

4.6±1.1

0.0097±0.0022

168.5±1.2

19.3±2.8

4.1±0.5

0.0493±0.0047

215.9±13.6

198.8±1.0

30.7±2.3

6.6±0.4

0.1001±0.0063

13.39700

49.6±8.5

208.8±1.1

12.4±2.6

3.7±0.7

0.0230±0.0039

33.490s

8.54000

39.4±8.2

232.4±1.4

12.8±3.2

2.9±0.6

0.0183±0.0038

33.336s

18.55000

55.4±9.4

316.4±1.5

17.8±3.6

2.9±0.5

0.0257±0.0044

31.877s

29.29700

11.1±1.6

309.0±0.2

3.6±0.6

3.2±0.5

0.0051±0.0007

31.942s

29.16500

32.3±4.8

329.5±2.0

26.5±4.7

1.1±0.2

0.0150±0.0022

31.970s

29.16500

15±0.9

353 ±1.0

1⇤

15±0.9

0.0070±0.0041

⇤ unresolved,

Sd⌫

(mJy km s

FWHM is an upper limit

VLSRK
1)

( km s

VF W HM
1)

( km s

1)
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Table 4.3. CH3 OH Maser Candidates
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4.5

Discussion

Strickland et al. (2002) provides four possible models to explain the relationship between outflows and nuclear starbursts (Figure 4.1). Here we will use our observations
of masers to better constrain the models. The models predict various degrees of entrainment of molecular gas and interactions between the hot outflowing material and
cooler ambient ISM. Scenario (a) shows only interactions between infalling cool halo
clouds suggesting no entrainment of the dense ISM from the disk, scenarios (b) and
(c) show varying degrees of entrainment of the dense ISM in the outflow, and (d)
shows radially pushed out, or swept up, dense gas at the edges of the outflow, as the
dense ISM collimates the outflow out of the disk. Here we will attempt to unify our
observations of masers with these pictures of the outflow.

4.5.1

H2 O

We detect 14 H2 O masers in the central 300 pc of NGC 253. All but one of these
masers (W1 from Chapter 2 or Brunthaler et al., 2009) have luminosities < 0.1 L .
Their line widths are narrow, with VFWHM ⇠1 km s

1

making them all consistent

with stellar class AGB or YSO masers (Palagi et al., 1993). In Chapter 2 we showed
evidence for a H2 O maser extension along the minor axis of the galaxy suggesting
either an AGN jet or entrainment of star forming material. We see no evidence for
an AGN, as we do not see a long jet-like structure and the nuclear maser W1 is
not luminous enough to be a megamaser (measured in Chapter 2). However, three
of our stellar H2 O masers are not spatially coincident with the molecular bar (Figure 4.3). These masers have peculiarly high velocities for being associated with the
molecular bar. The molecular regions closest to the center have velocities spanning
⇠ 170 km s

1

to ⇠ 300 km s

1

(A3 and A5 from Chapter 2). Seven stellar masers

have velocities exceeding this range with extremes at 72 km s
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1

and 406 km s 1 .
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Westmoquette et al. (2011) shows the ionized gas in the approaching side of the outflow is blueshifted ⇠100 ± 50 km s

1

with respect to the systemic velocity of NGC 253

of 235 km s 1 . Masers with measured velocities of 35 km s

1

to 185 km s

1

fall within

this velocity range. There is some overlap with the molecular bar velocities. To be
on the safe side we only consider masers with velocities less than 170 km s

1

to be

part of the approaching outflow. The nuclear kilomaser W1 sits almost at the midpoint of this range at a velocity of 109 km s

1

(Chapter 2). We find that the masers

blueshifted with respect to the systemic velocity are in good agreement with this
model suggesting star formation in the outflow of NGC 253. This would suggest entrainment of dense molecular material suggested by Strickland et al. (2002) in models
(b) and (c).
If we consider all these masers with extraneous velocities to be part of the outflow,
then the five remaining masers with velocities greater than 300 km s

1

would be part

of the receding side of the outflow. The receding side has never been observed in
the center of the galaxy. Currently evidence for the receding side of the outflow is
limited to kpc scales (Strickland et al., 2002). The locations of the masers, northwest
of the molecular bar, also suggest that they are part of the receding outflow.

4.5.2

NH3 (3,3) masers

We detect two regions of NH3 (3,3) masers associated with clouds A2 and A3. However, from Chapter 2 we should also see masers about C1, where our lower resolution
measurements revealed two velocity components associated with the peak of the continuum C1. We make no detection of these components. It is likely that either the
emission is resolved out with the VLA in A configuration or the masers are variable.
It has a minimum resolution of ⇠2.400 in the K band, vs 6600 in the D configuration.
In the Milky Way NH3 (3,3) masers are associated with high mass star forming
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regions (e.g., Mangum & Wootten, 1994, Kraemer & Jackson, 1995, Zhang et al.,
1999). The maser is likely collisionally excited. In Figure 4.6 the two clumps appear
to be coincident with H↵ filaments in the outflow. The lines are broad, with VFWHM
⇠50-70 km s 1 . This is unusual for masers as they typically have narrow spectral
features. Admittedly we extract spectra over 200 (⇠34 pc) potentially broadening
the line by averaging over many velocity components. It is likely that the emission
results from many individual masers. We imagine two possibilities. First, the spatial
coincidence with H↵ filaments in the outflow, and broad linewidths, suggest possible
entrainment of molecular gas in the outflow. The masers are excited as molecular
material collides with the hot outflowing gas. Second, the alignment with the H↵
filaments could be coincidental, and we are seeing gas in the molecular bar. The
NH3 masers are then star forming masers nestled in molecular clouds in the disk.

4.5.3

36 GHz CH3 OH masers

We resolve the M1 and M5 masers from Chapter 2 into three masers each and uncover
three new CH3 OH masers. We do not observe any masers associated with the M2,
M3 or M4 sources from Chapter 2. The total luminosity of the masers from Chapter
2 is 4.98 L , whereas in A configuration we measure 0.46 L . Approximately ⇠91%
of the flux from the previous D array observations is not seen.
Surveys of Class I methanol masers in supernova remnants (e.g., Pihlström et
al., 2014, McEwen et al., 2016) reveal line widths of ⇠ 1 km s

1

in collisions of

supernova remnants with molecular clouds. We observe a range of line widths from
⇠1

30 km s 1 , either potentially suggesting a di↵erent generating mechanism, or

we are averaging over many masers within our 0.1200 (2 pc) beam.
Leurini et al. (2016) explains that Class I CH3 OH masers are not typically variable
on time scales of . 15 yrs. As our D and A array observations were separated by only
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three years, we do not expect these masers to be variable. This suggests larger scale
structures generate the emission, and that most of the emission is likely resolved out.
From Chapter 2 we suggested that these masers are a result of the interaction between
expanding shells identified by Sakamoto et al. (2006) and Bolatto et al. (2013) and
the molecular bar. Perhaps it is possible that the expanding superbubbles, with
expansion kinetic energies of 1046 J, collide with molecular clouds generating the
larger scale shocks that give rise to extended CH3 OH maser emission. This could
explain the resolved out flux and broader line widths. Surveys of CH3 OH masers
about star forming regions (e.g., Kang et al., 2013, Voronkov et al., 2014) also reveal
narrow lines ⇠1 km s 1 . This may explain the three narrow features we see, but does
not explain the broad spectral lines. This suggests a mechanism other than stellar
outflows for generating the maser.

There is a distinct lack of CH3 OH maser emission from the center of the galaxy
(Chapter 2) despite there being ample evidence for shocks (Meier et al., 2015). It
may be that the class I CH3 OH maser emission is quenched in regions of high density,
n > 106 cm

3

(e.g., Menten, 1991, McEwen et al., 2014). It is possible that this is

the reason why the masers are concentrated at the ends of the molecular bar as the
column density of molecular gas is lower (Leroy et al., 2015). Alternatively, Ellingsen
et al. (2014) suggested that these masers may indicate the edges of the outflow. The
measured velocities are consistent with the molecular bar and do not match the
velocity of the hot ionized gas from Westmoquette et al. (2011). For this reason we
do not think this explanation is likely. However these masers could be indicators of
swept up molecular material as suggested by Strickland et al. (2002) in model (d),
but the slightly inclined orientation of NGC 253 makes it difficult to determine.
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4.6

Summary

In this chapter we have presented the first results from sub-arcsecond imaging of
masers in the nuclear starburst of NGC 253.
1. We detect 15 H2 O masers across the central 300 pc of NGC 253. Seven of these
masers have velocities more consistent with the outflow than the molecular
bar, and three of these masers have large spatial o↵sets from the molecular
bar, suggesting star formation in the outflow of NGC 253 and entrainment of
molecular gas.
2. We do not detect the NH3 (3,3) maser features seen in C1 from Chapter 2 at
the center of the galaxy. The emission is either resolved out or the masers are
variable. Instead we observe two sites of maser emission in regions A2 and
A3. These locations are coincident with H↵ filaments suggesting entrainment
of molecular gas in the outflow or buried star formation in the disk.
3. Most of the CH3 OH emission from Chapter 2 is resolved out and the masers
have very broad line widths, suggesting large scale shocks and masing regions
are responsible for the emission seen in Chapter 2.
These are only the first results from this data set. Much more remains to be done,
as explained in the next chapter.

4.7

Acknowledgments

Mark Gorski acknowledges support from the National Radio Astronomy Observatory
in the form of a Reber Fellowship, and Student Observer support. This research has
made use of the NASA/IPAC Extragalactic Database (NED), which is maintained

140

Chapter 4. Sub-arcsecond Maser Diagnostics of NGC 253’s Nuclear Starburst
by the Jet Propulsion Laboratory, Caltech, under contract with the National Aeronautics and Space Administration (NASA) and NASA’s Astrophysical Data System
Abstract Service (ADS).

141

Chapter 5
Conclusions and Future Work

5.1

Conclusions

This dissertation is part of the Survey of Water and Ammonia in Nearby galaxies
(SWAN). The purpose is to explore the physical conditions related to feedback in
four nearby galaxies: NGC 253, IC 342, NGC 6946, and NGC 2146. All the galaxies
were observed with the VLA in K and Ka-bands. While there are potentially many
atomic and molecular lines to be studied, as shown in Chapter 2, we selected the
metastable NH3 lines, the 22 GHz H2 O maser, and the 36 GHz CH3 OH maser. These
were chosen because NH3 is an excellent temperature probe, the H2 O masers are an
indicator of star formation, and the CH3 OH maser is new in the extragalactic context.
We started with the iconic starburst galaxy NGC 253. Here we detected the
NH3 (1,1), (2,2), (3,3), (4,4), (5,5), and (9,9) lines. Using NH3 as a temperature probe
we uncovered a uniform distribution of two temperatures: 130 K and 57 K. We did
not observe a correlation with any one feedback e↵ect, PDRs, weak shocks, or strong
shocks, suggesting that no single feedback e↵ect dominates the gas. In this galaxy
we also confirmed an earlier result from Ott et al. (2005) that suggests the existence
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of NH3 (3,3) masers in the nucleus of NGC 253. We also uncovered evidence for water
masers extended perpendicular to the major axis of the galaxy, a possible AGN jet.
This would be uncovered later to be entrainment of star forming molecular gas in the
outflow (Chapter 4). In this galaxy we also resolved the first detected extragalactic
methanol masers (Ellingsen et al., 2014) into five distinct sources. These masers
appear to be grouped around sites where expanding superbubbles are interacting
with molecular clouds. The morphology of the CH3 OH masers is similar to HNCO
from Meier et al. (2015) suggesting that weak shocks generate the masers.
Moving on from NGC 253 we proceeded to the other three galaxies in the sample:
IC 342, NGC 6946, and NGC 2146. We detected the NH3 (1,1) to (4,4) lines in IC 342,
only the NH3 (3,3) line in NGC 6946, and only the NH3 (1,1) line in NGC 2146. The
only galaxy where we could make precise temperature determinations is IC 342. Similar to NGC 253, the temperature distribution is constant across the central kpc in
IC 342. The temperatures are 27 K and 308 K. There is no correlation with individual feedback e↵ects (e.g. supernovae, PDRs, shocks). The detection of the NH3 (1,1)
line in NGC 2146 allowed us to put upper limits on the molecular gas temperature
of 89 K.
Over all the galaxies we built up a sample of nine H2 O masers from the low
resolution data sets. The luminosity of these masers fits well into the established
classifications of stellar, kilomaser, and megamaser. The kilomasers are located in the
galaxies with strong star formation, whereas the stellar masers are more ubiquitously
distributed. Surprisingly, the luminosity of these masers correlates well with the
local star formation rate, given that H2 O masers are an extremely local phenomenon
(scales .1 pc) whereas the star formation rate is measured from scales of & 100 pc.
The 36 GHz CH3 OH maser was also detected in IC 342 and NGC 6946, expanding
the number of galaxies external to the Milky May to host these masers to four:
NGC 253 (Chapter2), IC 342 (Chapter 3), NGC 6946 (Chapter 3), and Arp220 (Chen
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et al., 2015). The morphology of the masers from IC 342 and NGC 253 suggest that
weak shocks generate the masers, as it is similar to HNCO.
After we completed the analysis on IC 342, NGC 6946, and NGC 2146, we returned to the unusual structures we saw in masers in NGC 253. In Chapter 2
we showed a possible extension related to the galactic nucleus in H2 O masers,
broad NH3 (3,3) masers at the continuum peak, and new 36 GHz CH3 OH masers.
Since masers are usually point-like sources, we attempted to resolve them with subarcsecond observations from the VLA in A configuration.
We’ve started to uncover the relationship these masers have with the environment.
We show evidence for star formation happening in the outflow with stellar class
H2 O masers. The broad NH3 (3,3) masers seen at the continuum peak in Chapter 2
disappeared in the high resolution data set. This is either due to the emission being
resolved out or variability in the masers. However, we see two sites with NH3 (3,3)
masers near regions A2 and A3. It is possible these indicate entrainment of molecular
gas in the outflow or background gas in the disk. Lastly, we uncovered nine CH3 OH
masers, three of which are associated with M3, three with M5, and three new sources.
The 36 GHz CH3 OH maser is not variable on time scales of . 15 years (Leurini et
al., 2016). Therefore much of the maser emission from Chapter 3 (200 resolution)
is resolved out in the high resolution (0.200 ) data. This is evidence for large-scale
weak shocks in these regions either related to the molecular outflow or expanding
superbubbles interacting with molecular clouds. More remains to be done with this
data set as < 10% has been been imaged so far. What remains to be done is explained
in the next section.
Much may also be learned by applying our NH3 thermometry techniques to AGN.
So far the galaxies we’ve observed do not host AGN. In §5.3, we discuss such an
experiment proposed for the VLA.
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5.2

Future Sub-Arcsecond Studies of NGC 253

In Chapter 4 we started to reveal the properties of the outflow in NGC 253 using
H2 O, NH3 , and CH3 OH masers. We have imaged the centermost 2000 ⇥2000 of the
galaxy in H2 O, and NH3 (3,3), masers. With a 20 primary beam . 5% has been

imaged (Figure 4.2). Much remains to be explored in the remainder of the field of
view. The molecular bar is approximately 1 kpc long, and the outflow extends to a
height of 9 kpc above the disk (Strickland et al., 2002). With the current data set
it is possible to image 1 kpc above the disk on the receding and approaching sides.
Approximately 800 pc remains to be imaged on each side. The approaching side of
the outflow has velocities up to -300 km s

1

within this region (Westmoquette et al.,

2011). There is potential for more masers to be discovered in the outflow at greater
heights from the disk. One particular region of interest is the molecular outflow from
Bolatto et al. (2013). There are two molecular ridges with outflowing gas seen in
12

CO(J = 1 ! 0) with velocities 40-140 km s 1 and 70-250 km s 1 .
The water masers we’ve seen so far are concentrated in the center of the galaxy.

Our selection criterion is fairly conservative requiring a peak flux of 6 mJy in five
adjacent pixels. We expect there to be more faint sources in the disk. There are >60
compact radio sources located in the center consisting of supernova remnants and
H II regions (Ulvestad & Antonucci, 1997). This gives us the opportunity to test the
findings from Claussen et al. (1999) and Woodall & Gray (2007) that there are no
water masers in supernova remnants. To excite water masers in a supernova remnant
likely requires unusually high shock velocities or cloud densities (Woodall & Gray,
2007). With this sample of compact radio sources it will be possible to compare with
the H2 O masers in the disk to see if there are any unusual supernova remnants that
excite H2 O masers.
There is also the possibility that there are more NH3 masers to be discovered
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either in the molecular bar or molecular outflow. So far we saw in Chapter 4 that
the masers look to be related to regions of H↵ emission. There are numerous other
H↵ sites that have not yet been imaged in the disk (Watson et al., 1996) and in the
outflow (Westmoquette et al., 2011). As the excitation of the NH3 (3,3) maser in this
galaxy still remains mysterious, more detections will become extremely valuable.
We have also imaged three 1800 ⇥1800 regions, amounting to . 9% of the primary
beam (Figure 4.2), in 36 GHz CH3 OH. From the low resolution (VLA D configuration) observations in Chapter 2 we do not expect more emission to be found.
However, we did observe three new masers not expected from the observations in
Chapter 2, and there may be more elsewhere that give us a handle on the excitation
of 36 GHz CH3 OH from an extragalactic viewpoint.

5.3

NH3 Thermometry of AGN

5.3.1

Introduction

We have shown via NH3 thermometry that the distributions of kinetic temperatures,
in the dense molecular ISM, across kiloparsec scales, in galaxies IC 342 and NGC 253
are flat. The comparison with feedback tracers (e.g., photon dominated regions, and
shock tracers) show no correlation with the gas temperatures. While SWAN covers
star forming galaxies, and feedback e↵ects related to star formation, it does not cover
any galaxies with an active nucleus (AGN).
AGN are powerful sources of feedback. They power high velocity winds, generate
hot bubbles, suppress cooling and star formation, and ionize or dissociate gas. AGN
feedback has drastic e↵ects on the dense molecular gas in the disk on scales up to a
kpc. For example, in NGC 1068 star formation is largely quenched within the central
kpc due to feedback from the AGN (Romeo & Fathi, 2016). Miyamoto et al. (2015)
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have detected hot molecular gas in the nucleus of NGC 3079 on pc scales using NH3
thermometry. They detect one temperature in each velocity component, T=270 K
for the systemic component and T>500 K for the blueshifted component, possibly
indicating hot gas entrained in the outflow driven by the AGN. These are much
warmer than temperatures measured from Ao et al. (2011) in NGC 1068 of 80 K and
140 K. This begs the questions: do all AGN couple to the surrounding ISM, and at
what scale does AGN heating dominate? The map of NGC 3079 from Miyamoto et
al. (2015) is only sensitive to small spatial scales because for the VLA in A array
the NH3 emission is resolved out. The single dish observations from Ao et al. (2011)
show evidence for a hot component, but their observations do not have the spatial
information to determine if hot gas arises from the AGN, or if the ISM has evenly
distributed kinetic temperatures as in NGC 253 and IC 342 (Chapter 2 and Chapter
3).

By probing the heating and cooling balance of these galaxies on arcsecond scales,
we will expose how AGN feedback thermally couples to the dense molecular ISM
on ⇠100 pc scales. On these scales we are sensitive to gas resolved out by pc scale
experiments and capable of resolving gas associated with various parts of a galaxy’s
anatomy (e.g nuclear starburst, molecular bars, AGN, spiral arms, outflows, etc.).
In addition Garcı́a-Burillo et al. (2005) show that the torque on the gas is strong
within the central kpc of galaxies that host AGN. Close to the AGN (200-300 pc)
positive torques quench AGN feeding while further out strong negative torques feed
gas into the nuclear region. The torque on the gas is changing its angular momentum,
potentially heating the gas through large scale dynamics. The top row of Figure 5.1
shows the flat distribution of temperatures in NGC 253 from Chapter 2, and it shows
what we predict should AGN feedback and torqued gas be important for heating the
molecular gas. We adopt temperatures from the hot components in Miyamoto et al.
(2015) for our predicted model.
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5.3.2

The Proposed Experiment

We have proposed to observe six spiral galaxies with AGN in K band of the VLA.
The goal is to probe the heating and cooling balance of the dense molecular ISM in
galaxies that host AGN. We aim for a systematic survey across an order of magnitude
in black hole mass, and select galaxies that are known to have large molecular gas
reservoirs in order to maximize the likelihood of detection of weak emission lines.
NGC 1068 and NGC 3079 are iconic Seyfert galaxies. NGC 1068 shows evidence for
feedback on kpc scales that quenches star formation in the center (Romeo & Fathi,
2016). NGC 3079 has a mild starburst but an AGN that is powering an outflow. The
other galaxies NGC 4258, NGC 5194, NGC 5033, and NGC 3627, were selected from
the BIMA (Helfer et al., 2003) or NUGA (Garcı́a-Burillo et al., 2003) surveys and
have large columns of gas in the centermost 500pc so that the impact of the AGN
may be visible. The properties of these galaxies are listed in Table 5.1.
There are only two known extragalactic cases of NH3 (3,3) masers to date: NGC
253 (Ott et al., 2005) and NGC 3079 (Miyamoto et al., 2015). In both galaxies the
masers are associated with the gas in the nuclear region. Both galaxies drive galactic
winds, though the driving mechanism is di↵erent. NGC 253’s wind is driven by a
starburst whereas NGC 3079’s is driven by an AGN. The NH3 masers are identified by
NH3 (3,3) emission where all other NH3 metastable states are observed in absorption.
It is unknown how ubiquitous these masers are, and they are seen in galaxies with
extreme nuclear environments. By observing six galaxies with AGN we will explore
the possibility that AGN give rise to the conditions that excite NH3 (3,3) masers.
Metastable NH3 transitions (1,1)-(7,7) will be used for thermometry (e.g., Ott et
al., 2005, Mangum et al., 2013, Chapter 2, and Chapter 3). We will also target a
number of non-metastable (J6=K) transitions. These are necessary to understand the
excitation in environments with strong IR backgrounds. For example, in Arp 220 it
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Table 5.1. Adopted Galaxy Properties

Galaxy

Distance

Class

(Mpc)

MH 2

Log(MBH )

(109 M )

(M )

NGC 4258

7.2

Sy 2

1.38e

7.57a

NGC 5194

7.7

Sy 2

4.70e

6.32b

NGC 5033

9.1

Sy 1.5

6.77e

7.30c

NGC 3627

10.1

LINER/S2

4.12e

6.93a

NGC 1068

14.4

Sy 1.8

6.67e

6.92a

NGC 3079

15.6

Sy 2

11.4d

6.39a

Note. — (a) Saglia et al. (2016) (b) Beifiori et al. (2012) (c)
Giroletti & Panessa (2009) (d) Gao & Solomon (2004) (e)Helfer
et al. (2003)

is not possible to derive temperatures in the cores due to the strong IR backgrounds
(Zschaechner et al., 2016). The populated non-metastable states substantially influence the metastable states. By measuring the non-metastable lines it becomes
possible to recover the expected populations of the metastable states. In addition,
we will have access to many other dense gas tracers that will probe the state of the
gas in these galaxies. A brief summary of the expected atomic and molecular lines
is shown in Table 5.2.
This survey of atomic and molecular lines in galaxies with AGN will give us
unprecedented insights into the impact AGN have on the dense molecular ISM. The
combination of these atomic and molecular gas tracers will reveal how feedback
couples to the ISM in galaxies with AGN. The main science goals are:
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• Reveal heating from AGN feedback in the molecular ISM. We aim
to answer three questions about the heating and cooling balance in galaxies:
Do AGN heat the gas compared to the rest of the galaxy? Do strong positive torques from large scale galactic structure heat the molecular gas? Does
feedback from AGN destroy cold gas in galaxy centers? We will answer these
questions by deriving kinetic temperatures via NH3 thermometry and analysis
of non-metastable transitions where appropriate, on ⇠100 pc scales across six
galaxies.
• Identify characteristics of NH3 (3,3) masers. These masers are weakly
associated with star formation within the Milky Way and observed in galaxy
outflows. This project aims to expand the known list of galaxies with NH3 (3,3)
masers, and uncover the conditions that give rise to these masers.
• Characterize the galactic environment via molecular tracers. We will
have access to many diagnostically important molecular tracers. Two examples
of molecules that will be useful are HNCO and H2 O. HNCO is formed on grain
surfaces and remains until shocks liberate the molecule to the gas phase. Its
morphology is typically very similar to that of the commonly used shock tracer,
SiO, but a factor of ⇠3-4 brighter (e.g., Meier & Turner, 2005, Meier et al.,
2015). The 22 GHz H2 O maser transition is used to trace AGN kinematics
(Reid et al., 2009), and is a useful indicator of star formation (Palagi et al.,
1993).
• Determine properties of the thermal gas via radio recombination
lines. RRLs provide an extinction free diagnostic of star forming regions. We
will be able to constrain the density of the thermal gas, the ionizing photon
rate, and electron temperatures.
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Figure 5.1 Top: We show the NH3 (3,3) integrated flux map from Chapter 2 and
the derived temperature distribution across the central kpc of NGC 253. In the
top rightmost panel we predict what the temperature structure might look like in
galaxies where AGN feedback dominates. The temperatures are taken from the
hot components measured in Miyamoto et al. (2015). Middle and Bottom: BIMA
SONG 12 CO(J = 1 ! 0) maps of galaxies NGC 1068, NGC 3627, NGC 5033, and
NGC 5194. These maps show a 1.50 FoV (VLA primary beam is 20 at K band) with
the approximate resolution of 300 , well matched to the resolution of our proposed
observations.
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Molecule

⌫ (GHz)

Transition

Description

Reference

HNCO

21.9816

101

000

Weak shock tracer

Meier & Turner (2005)

H2 O

22.2351

616

523

Traces star formation and shocks

Braatz et al. (1996)

and AGN dynamics
23.6945

11

11

(metastable)

23.7226

22

22

23.8701

33

33

24.1394

44

44

24.5330

55

55

25.0560

66

66

25.7152

77

77

NH3

21.7034

42

42

(non-metastable)

22.2345

31

31

22.6531

54

54

22.6883

43

43

22.8342

32

32

23.0988

21

21

152

NH3

Traces molecular gas kinetic temperature

Ho & Townes (1983)

Molecular gas excitation

Mangum et al. (2013) &
Zschaechner et al. (2016)
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Table 5.2. VLA K band ionized and molecular lines

Molecule

Transition

24.2054

109

109

OH

23.8266

2⇧

J=9/2

H↵

20 -26GHz

63 through 68

153

⌫ (GHz)

H

3/2

79 through 85

Description

Reference

AGN disks and high infrared radiation fields

Turner (1985)

Ionized gas tracer
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